AD. 

Award  Number:  DAMD1 7-01 -1-0781 

TITLE:  Mechanisms  of  a-Synuclein  Aggregation  and  Toxicity 

PRINCIPAL  INVESTIGATOR:  Benjamin  Wolozin,  Ph.D. 

CONTRACTING  ORGANIZATION:  Boston  University 

Boston,  MA  02118-2526 

REPORT  DATE:  September  2006 

TYPE  OF  REPORT:  Final 


PREPARED  FOR:  U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  Approved  for  Public  Release; 

Distribution  Unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and 
should  not  be  construed  as  an  official  Department  of  the  Army  position,  policy  or  decision 
unless  so  designated  by  other  documentation. 


REPORT  DOCUMENTATION  PAGE 

Form  Approved 

OMB  No.  0704-0188 

Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining  the 
data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for  reducing 
this  burden  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202- 
4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently 
valid  OMB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 

1 .  REPORT  DATE  2.  REPORT  TYPE 

01-09-2006  Final 

3.  DATES  COVERED 

1  Sepb  2001  -31  Aug  2006 

4.  TITLE  AND  SUBTITLE 

Mechanisms  of  a-Synuclein  Aggregation  and  Toxicity 

5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

DAMD1 7-01 -1-0781 

5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S) 

Benjamin  Wolozin,  Ph.D. 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Boston  University 

Boston,  MA  02118-2526 

8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 

9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Medical  Research  and  Materiel  Command 

Fort  Detrick,  Maryland  21702-5012 

10.  SPONSOR/MONITOR’S  ACRONYM(S) 

11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 

12.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  Public  Release;  Distribution  Unlimited 


13.  SUPPLEMENTARY  NOTES 


14.  ABSTRACT 

Alpha-synuclein  is  a  protein  implicated  in  the  pathophysiology  of  Parkinson’s  disease.  The  purpose  of  this  proposal  is  to  study 
the  regulation  of  synuclein  aggregation  by  metals,  the  interaction  of  synuclein  with  other  proteins  associated  with  its 
pathophysiology  and  the  effects  of  aggregated  alpha-synuclein  on  the  function  of  neuronal  mitochondria.  During  the  current 
year,  we  have  studied  the  regulation  of  synuclein  aggregation  and  toxicity  in  vitro.  We  examined  the  response  of  synuclein  to 
metals,  as  well  as  to  other  toxins.  We  observed  that  inhibitors  of  mitochondrial  complex  I  are  the  most  effective  agents  for 
inducing  synuclein  fibrillization  and  toxicity  in  vivo  (in  C.  elegans).  We  also  used  C.  elegans  to  explore  novel  mechanisms  of 
therapy.  We  demonstrated  that  D-B-hydroxybutyrate,  TUDCA  and  probucol  were  all  protective  against  synuclein  toxicity.  Both 
TUDCA  and  probucol  are  FDA  approved  medications  that  could  be  readily  translated  towards  clinical  use. 


15.  SUBJECT  TERMS 

Protein  aggregation,  Lewy  body,  mitochondria,  metals,  mitochondria,  complex  I,  C.  elegans,  therapy,  neuroprotection 


16.  SECURITY  CLASSIFICATION  OF: 

18.  NUMBER 

OF  PAGES 

19a.  NAME  OF  RESPONSIBLE  PERSON 

USAMRMC 

a.  REPORT 

u 

b.  ABSTRACT 

u 

c.  THIS  PAGE 

u 

uu 

90 

19b.  TELEPHONE  NUMBER  (include  area 
code) 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std.  Z39.18 


Table  of  Contents 

Introduction . 4 

BODY . 4 

Key  Research  Accomplishments . 5 

Reportable  Outcomes . 5 

Conclusions . 6 


References 


,8 


Wolozin,  Page  4 


Introduction 

The  goal  of  this  grant  proposal  is  to  investigate  the  interaction  of  a-synuclein  with  metals.  Our  preliminary 
studies  suggested  that  metals,  such  as  iron,  might  promote  synuclein  aggregation.  In  this  proposal,  we  sought  to 
understand  which  metals  interact  with  a-synuclein,  how  these  metals  might  modulate  a-synuclein  aggregation, 
and  how  they  might  affect  the  interaction  with  other  proteins  relevant  to  Parkinson’s  disease.  The  work  in  the 
fourth  year  focused  on  examining  how  aggregation  of  a-synuclein,  which  is  induced  by  iron  or  aging,  affects  its 
interaction  with  specific  targets,  such  as  the  proteasome  and  the  mitochondria.  Much  of  this  work  has  utilized 
the  simple  in  vivo  system  of  C.  elegans,  for  which  the  MRC  had  previously  approved  expansion  of  our  work. 

Body: 

Work  from  Aim  1  that  was  accomplished: 

As  mentioned  in  the  progress  report  from  2003,  we  accomplished  the  work  specified  in  Aim  1  during  the  2002  - 
2003  year.  The  articles  related  to  this  work  were  described  in  the  last  progress  report,  and  will  not  be  described 
in  this  report. 

Work  relevant  to  Aims  2: 

In  aim  2,  we  proposed  to  investigate  how  different  metals  might  interact  to  affect  a-synuclein  aggregation,  and 
how  binding  of  a-synuclein  to  proteins  altered  the  aggregation.  In  2002,  we  had  shown  that  iron  potentiates 
synuclein  aggregation  while  magnesium  inhibits  synuclein  aggregation  [1],  In  2003/4,  we  began  examining 
proteins  that  bind  a-synuclein  and  demonstrated  that  synuclein  binds  to  the  proteasomal  S6’  protein  [2],  During 
the  last  year,  we  investigated  the  regulation  of  synuclein  actions  by  its  homologues.  We  published  work 
investigating  the  regulation  of  synuclein  aggregation  by  its  homologues  (B  and  y  synuclein),  showing  that  B- 
synuclein  competes  with  a-synuclein  for  interaction  with  the  proteasome.  This  work  is  described  in  a 
manuscript  by  Snyder,  et  al,  that  was  published  in  the  Journal  of  Biological  Chemistry  [3], 

Work  relevant  to  Aims  3: 

Work  on  Aim  3  focuses  on  the  affects  of  a-synuclein  on  the  mitochondria  and  the  effects  of  a-synuclein  in  vivo. 
During  the  past  year,  we  have  expanded  our  work  in  vivo,  using  C.  elegans.  This  work  has  proven  to  be  very 
productive,  and  has  resulted  in  a  manuscript  by  Ved,  et  al,  that  was  published  in  the  Journal  of  Biological 
Chemistry.  Using  C.  elegans,  we  made  the  surprising  discovery  that  over-expressed  a-synuclein  causes  a 
selective  deficit  in  complex  I  of  the  mitochondria.  We  have  demonstrated  this  in  multiple  ways,  using  toxicity 
assays,  respiration,  pharmacology  and  pathology.  We  also  developed  a  novel  therapeutic  strategy  for  reversing 
inhibition  of  complex  I  using  a  combination  of  D-P-hydroxybutyrate  (which  augments  the  activity  of  complex 
II)  and  TUDCA,  which  prevents  apoptosis.  This  work  demonstrates  a  surprisingly  strong  connection  between 
mitochondrial  function  and  a-synuclein  (and  induction  of  pathology  by  inhibitors  of  mitochondrial  complex  I), 
and  was  published  in  the  Journal  of  Biological  Chemistry  [4], 

We  have  also  examined  the  effects  of  a-synuclein  on  mammalian  neurons  from  the  A30P  a-synuclein 
transgenic  mice.  We  performed  a  proteomic  study  that  resulted  in  identification  of  three  proteins  that  show 
strong  oxidation  in  brains  of  transgenic  mice  over-expressing  a-synuclein.  In  work  that  is  now  in  press,  we 
demonstrated  that  aggregation  of  a-synuclein  induces  up-regulation  of  another  protein  related  to  Parkinson’s 
disease,  DJ-1  (see  list  of  articles,  below).  This  protein  is  up-regulated  in  astrocytes  but  also  might  be  up- 
regulated  in  neurons,  as  shown  by  its  ability  to  bind  to  tau  protein. 

Since  beginning  this  proposal,  an  important  new  gene  has  been  discovered  -  LRRK2.  We  have  been  studying 
LRRK2  and  have  made  the  surprising  discovery  that  it  exhibits  strong  control  over  anti-oxidant  defenses. 

Based  on  our  findings,  we  have  identified  biochemical  approaches,  based  on  the  forkhead  pathway,  that  can 
protect  against  toxicity  caused  by  either  a-synuclein,  rotenone  or  LRRK2.  Our  future  work  will  be  examining 
this  neuroprotective  axis. 
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Key  Research  Accomplishments: 

•  Determined  affinity  and  pH  dependence  of  iron  for  a-synuclein 

•  Determined  affinity  of  Cu(II),  Mg(II),  Zn(II)  and  Ca(II)  for  a-synuclein,  and 
determined  that  Ni(II),  Mn(II)  and  Al(III)  do  not  bind  a-synuclein. 

•  Performed  electrospray  ionization  mass  spectroscopy  of  a-synuclein. 

•  Demonstrated  that  iron  causes  a-synuclein  aggregation  in  neurons,  and  that  a- 
synuclein  increases  the  vulnerability  to  iron  of  neurons. 

•  Demonstrated  that  magnesium  inhibits  a-synuclein  aggregation  and  protects 
neurons  against  iron-mediated  toxicity. 

•  Demonstrated  that  a-synuclein  binds  the  proteasomal  protein  S6\ 

•  Demonstrated  that  P-synuclein  inhibits  binding  of  a-synuclein  to  the  proteasome 

•  Demonstrated  that  y-synuclein  binds  to  a  different  part  of  the  proteasome,  the  20S 
proteasome. 

•  Demonstrated  that  aggregation  of  a-synuclein  induces  activation  of  JNK  and 
hyperphosphorylation  of  tau  protein. 

•  Demonstrated  that  the  parkin  binding  protein,  CHIP  binds  tau  protein. 

•  Demonstrated  that  SEPT5_v2  binds  parkin. 

•  Demonstrated  that  aggregation  of  a-synuclein  induce  up-regulation  of  DJ-1 
protein. 

•  Developed  an  additional  model  for  a-synuclein  toxicity  and  aggregation  using  C. 

Elegans  over-expressing  a-synuclein,  and  demonstrated  a  selective  vulnerability 
of  mitochondrial  complex  I. 

•  Identified  a  chemical  strategy  for  reversing  the  toxicity  associated  with  inhibition 
of  mitochondrial  complex  I,  using  D(3HB  and  TUDCA. 

Reportable  Outcomes: 

The  research  performed  this  year  has  resulted  in  publication  of  4  articles  relevant  to  a- 
synuclein.  These  articles  are  listed  below,  and  are  provided  in  the  appendices. 

Articles  relevant  to  a-synuclein  and  the  DAMD  grant  award  that  were  published  in 
last  year: 

1.  Ved  R,  Saha  S,  Westlund  B,  Perier  C,  Bumam  L,  Sluder  A,  Hoener  M,  Rodrigues  CM,  Alfonso  A,  Steer 
C,  Liu  L,  Przedborski  S,  Wolozin  B.  Similar  patterns  of  mitochondrial  vulnerability  and  rescue  induced  by 
genetic  modification  of  alpha-synuclein,  parkin,  and  DJ-1  in  Caenorhabditis  elegans.  J  Biol  Chem.  2005  Dec 
30;280(52):42655-68. 

2.  Poon  HF,  Frasier  M,  Shreve  N,  Calabrese  V,  Wolozin  B,  Butterfield  DA.  Mitochondrial  associated 
metabolic  proteins  are  selectively  oxidized  in  A30P  alpha-synuclein  transgenic  mice— a  model  of  familial 
Parkinson's  disease.  Neurobiol  Dis.  2005  Apr;18(3):492-8. 

3.  Frasier  M,  Walzer  M,  McCarthy  L,  Magnuson  D,  Lee  JM,  Haas  C,  Kahle  P,  Wolozin  B.  Tau 
phosphorylation  increases  in  symptomatic  mice  overexpressing  A30P  alpha-synuclein.  Exp  Neurol.  2005 
Apr;192(2):274-87. 

4.  Snyder  H,  Mensah  K,  Hsu  C,  Hashimoto  M,  Surgucheva  IG,  Festoff  B,  Surguchov  A,  Masliah  E, 
Matouschek  A,  Wolozin  B.  beta-Synuclein  reduces  proteasomal  inhibition  by  alpha-synuclein  but  not  gamma- 
synuclein.  J  Biol  Chem.  2005  Mar  4;280(9):7562-9.  Epub  2004  Dec  9. 

5.  Snyder,  H.,  Wolozin,  B.,  Pathological  proteins  in  Parkinson's  disease:  focus  on  the  proteasome.  J  Mol 
Neurosci.  24:425-42  (2005). 
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6.  Frasier,  M.,  Frausto,  S.,  Lewicki,  D.,  Golbe,  L.,  Wolozin.  B.,  DJ-1  Expression  Increases  in  Mice  Over- 
Expressing  A30P  a-Synuclein  (in  press) 


Conclusions: 

a-Synuclein  (AS)  is  one  of  the  main  proteins  that  accumulate  in  the  brains  of  subjects  with  Parkinson  disease 
(PD).  The  ability  of  mutant  forms  of  AS  to  cause  degenerative  disease  resembling  PD  indicates  that 
abnormalities  in  AS  biology  are  sufficient  to  cause  degenerative  disease  and  likely  contribute  to  the 
pathophysiology  of  sporadic  PD,  which  is  the  more  common  disorder  afflicting  Americans.  The  purpose  of  this 
grant  proposal  was  to  understand  the  mechanisms  of  a-synuclein  (AS)  toxicity.  The  work  plan  is  presented 
below: 


Work  Plan: 

Year  1  (completed) 

1 .  Determine  the  buffer  and  pH  dependence  of  iron  -  a-synuclein  binding 

2.  Determine  the  stoichiometry  of  iron  binding 

3.  Investigate  the  sequence  requirements  for  binding  of  iron  (Fell)  to  a-synuclein 

4.  Determine  the  role  of  metal  binding  binding  in  synuclein  aggregation  in  neurons. 

Year  2  (completed) 

1 .  Determine  the  role  of  metal  binding  in  synuclein  aggregation  in  neurons. 

2.  Measure  the  levels  of  iron  and  proteins  related  to  iron  metabolism  in  cells  over-expressing  a-synuclein. 

3.  Measure  binding  of  ions  and  nucleotides  to  a-  and  p-synuclein. 

4.  Determine  how  the  interaction  between  co-factors  affect  binding  patterns  of  a-synuclein. 

Year  3  (current) 

1 .  Investigate  the  domains  of  a-synuclein  important  for  binding  of  nucleotides  and  metals. 

2.  Determine  how  cofactors  affect  the  binding  of  a-synuclein  to  other  proteins. 

3.  Determine  how  binding  factors  or  analogues  affect  the  aggregation  of  a-synuclein  in  vitro  and  in  neurons. 
Year  4  (planned) 

1 .  Investigate  the  changes  in  mitochondrial  function  induced  by  synuclein  aggregation. 

2.  Investigate  how  the  levels  of  mitochondrial  proteins  change  during  synuclein  aggregation. 

3.  Investigate  how  the  distribution  of  mitochondrial  proteins  change  during  synuclein  aggregation. 


As  a  result  of  our  study  we  have  addressed  many  of  the  items  in  the  work  plan,  although  we  were  not  able  to 
determine  some  of  the  items  in  the  work  plan  for  technical  reasons.  The  first  part  of  the  project  (Year  1  from 
the  work  plan)  focused  on  investigating  the  interaction  between  metals  and  AS.  We  accomplished  many  of  the 
items  in  the  aim.  The  methods  that  we  used  for  this  study  and  the  actual  results  that  we  obtained  are  published 
in  the  article  by  Go  Its,  et  al  [1].  These  results  demonstrated  that  metals  bind  to  AS  with  three  different  patterns. 
The  first  class  of  metals  include  iron  (Fe2+)  and  copper  (Cu2+).  These  metals  reduce  the  intrinsic  tyrosine 
fluorescence  in  AS  in  response  to  binding,  and  exhibit  what  we  would  term  a  pathological  pattern  of  binding. 
This  pattern  of  binding  exhibits  an  IC50  of  200  pM,  and  required  an  acidic  environment,  such  as  would  occur 
within  a  vesicle,  to  occur.  Binding  of  these  metals  causes  AS  to  aggregate,  which  could  be  very  important  for 
the  pathophysiology  of  PD.  Deletion  analysis  demonstrated  that  the  C-terminus  of  AS  was  critical  for  binding  to 
iron  (unpublished  results)  because  an  AS  construct  containing  amino  acids  1-113  showed  greatly  reduced 
binding  of  iron.  A  second  class  of  metals,  consisted  of  Magnesium,  Zinc  and  Calcium.  Binding  of  these  metals 
to  AS  does  not  cause  aggregation  and  increases  rather  than  decreases  the  intrinsic  tyrosine  fluorescence.  We 
studied  binding  of  Mg  the  most  because  it  produced  very  robust  results.  We  observed  that  binding  of  Mg 
actually  prevents  aggregation  of  AS  induced  by  iron.  This  observation  is  interesting  and  relates  to  the 
pathophysiology  of  PD  because  several  reports  suggest  that  Mg  are  reduced  in  neurons  from  subjects  with  PD 
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[5,  6].  Our  findings  raise  the  possibility  that  supplementing  diets  with  Magnesium  might  delay  the  onset  or 
progression  of  PD  by  reducing  AS  aggregation. 

The  work  assigned  to  year  2  was  the  only  work  in  this  aim  in  which  we  did  not  make  significant  progress.  In 
unpublished  work,  we  used  the  tyrosine  fluorescence  assay  to  assess  binding  of  nucleotides  to  AS.  We 
observed  that  GTP  is  able  to  modulate  the  intrinsic  fluorescence  of  AS.  However,  studies  designed  to  pursue 
this  intriguing  observation  suggested  that  the  binding  was  quite  weak  and  probably  not  biologically  significant. 
First  we  use  filter  binding  studies  with  radioactive  GTP.  We  were  unable  to  convincingly  demonstrate  that  GTP 
binds  AS;  the  radioactively  labeled  GTP  never  produced  reactivity  that  remained  attached  to  AS  after  washing. 
We  also  sent  AS  to  a  colleague  at  the  University  of  Chicago  who  specializes  in  binding  of  G  proteins.  He 
performed  an  assay  in  which  he  determined  whether  AS  promotes  the  hydrolysis  of  GTP,  however  he  was 
unable  to  observe  AS-stimulated  hydrolysis.  In  parallel  experiments  performed  as  a  positive  control,  he  did 
show  that  Ras  bindings  GTP  and  promotes  its  hydrolysis.  These  studies  led  us  to  conclude  that  nucleotides  do 
not  play  an  important  role  in  AS  biology. 

With  respect  to  the  work  in  Year  3,  we  made  significant  progress  in  understanding  how  binding  of  factors 
affects  the  function  of  AS.  Increasing  data  suggests  that  degenerative  diseases  involve  proteasomal  inhibition, 
so  we  investigated  the  interaction  of  AS  with  the  proteasome  [2,  3].  We  observed  that  aggregated  AS  potently 
inhibits  the  proteasome,  and  showed  that  the  inhibiting  is  mediated  by  binding  to  the  proteasomal  protein  S6’. 
AS  has  two  homologues,  (3  and  y-synuclein.  We  found  that  y-synuclein  also  inhibits  the  proteasome,  but  the 
pattern  of  inhibition  is  different  than  that  of  AS.  Inhibition  of  proteasomal  activity  by  y-synuclein  does  not 
require  prior  aggregation  of  the  protein.  Differences  between  the  activities  of  AS  and  y-synuclein  also  appeared 
when  we  examined  the  interaction  with  (3-synuclein.  We  observed  that  p-synuclein  potently  antagonizes  the 
proteasomal  inhibition  induced  by  AS,  but  had  no  effect  on  proteasomal  inhibition  induced  by  y-synuclein.  Our 
binding  studies  suggest  that  p-synuclein  binds  directly  to  AS,  and  we  hypothesize  that  binding  of  the  two 
proteins  contributes  to  the  mechanism  of  antagonism  by  p-synuclein.  This  work  is  important  because  it  points 
to  another  possible  therapeutic  strategy,  in  which  p-synuclein  can  be  used  to  inhibit  the  toxic  activity  of  AS. 

This  hypothesis  has  gained  some  support  from  recent  work  out  of  Dr.  Eliezer  Masliah’s,  in  which  he  showed 
that  a  lentiviral  vector  expressing  p-synuclein  could  partially  protect  against  AS  toxicity  [7]  [8], 

As  part  of  this  aim,  we  also  examined  the  interactions  of  AS  with  the  PD-related  protein  in  vivo.  First  we 
examined  the  patterns  of  protein  changes  associated  with  AS  aggregation  in  vivo  [9].  We  demonstrated  that  AS 
aggregation  is  associated  with  stimulation  of  the  stress  kinase  c-Jun  Kinase.  We  also  showed  that  AS 
aggregation  is  associated  with  tau  phosphorylation.  The  abnormally  phosphorylated  tau  did  not  occur  in  the 
same  neurons  as  the  AS  aggregates,  which  suggests  that  the  deleterious  effects  of  AS  aggregation  affect  the 
brain  more  broadly  than  would  be  assumed  by  simply  examining  the  neurons  containing  visible  aggregates. 

This  work  is  particularly  interesting  because  polymorphisms  in  the  tau  gene  are  associated  with  PD  [10],  We 
demonstrated  a  further  linkage  between  tau  protein  and  proteins  implicated  in  PD  in  the  work  by  Petrucelli  et  al 
[11],  This  work  demonstrates  that  parkin,  and  an  associated  protein,  CHIP,  regulate  tau  ubiquitination  an 
degradation,  which  increases  the  links  between  tau  protein  and  PD.  DJ-1  is  another  protein  that  is  associated 
with  PD,  and  we  observed  that  aggregation  of  AS  is  associated  with  DJ-1  accumulations,  which  are  also  not  in 
the  same  cells  as  the  AS  aggregates;  the  DJ-1  accumulations  occur  in  astrocytes.  This  work  is  being  published 
as  part  of  the  proceedings  of  the  AD/PD  meeting  from  2005.  Finally,  another  paper  performed  by  Petrucelli  and 
colleagues  in  collaboration  with  my  laboratory  demonstrates  that  parkin  can  protect  against  AS  toxicity  [12], 

The  work  in  year  4  proposed  to  examine  the  interaction  between  AS  and  the  mitochondria.  We  examined  this 
question  in  two  separate  works  by  Ved  et  al,  and  by  Poon  et  al,  and  we  continue  to  examine  this  work  in  the 
laboratory  [4]  [13].  The  work  by  Poon  et  al  utilized  a  proteomic  approach  to  examine  which  proteins  are  altered 
during  the  course  of  AS-mediated  degeneration  in  a  transgenic  model  of  PD.  This  study  identified  three 
proteins  that  showed  increased  oxidation  associated  with  AS-mediated  degeneration,  lactate  dehyrogenase,  a- 
enolase  and  carbonic  anhydrase  [13].  These  results  suggest  that  AS -aggregation  might  cause  significant 
damage  to  the  mitochondria  because  each  of  these  proteins  is  associated  with  mitochondria.  The  focus  on  the 


Wolozin,  Page  8 

mitochondria  was  further  enhanced  by  new  technology  that  we  imported  into  the  laboratory.  We  have 
developed  the  capability  to  use  C.  elegans  to  examine  biological  mechanisms  relevant  to  PD.  Approaches  using 
C.  elegans  were  not  described  in  the  original  grant  proposal,  but  have  proven  to  be  very  relevant  to  the  aims  of 
this  grant  proposal.  In  work  published  by  Ved,  et  al,  we  demonstrated  that  abnormalities  in  the  biology  of  AS, 
as  well  as  two  other  PD-associated  genes  (parkin  and  DJ-1)  all  impair  mitochondrial  function  [4],  We  did  this 
by  directly  monitoring  oxygen  consumption  in  the  worms,  and  also  by  examining  the  pattern  of  vulnerability  to 
toxins.  We  demonstrated  that  worms  expressing  PD-associated  genes  are  selectively  vulnerable  to 
mitochondrial  toxins,  and  in  particular,  to  inhibitors  of  complex  I.  The  knowledge  that  AS  selectively  targets 
mitochondria  helped  us  to  design  a  cocktail  of  neuroprotective  compounds  that  appear  to  protect  against 
mechanisms  of  toxicity  associated  with  PD.  We  demonstrated  that  the  compound  D-betahydroxybutyrate 
(DbHB),  which  enhances  the  function  of  complex  II,  was  able  to  partially  protect  against  toxicity  associated 
with  AS  toxicity.  This  work  emphasizes  the  potential  importance  of  mitochondrial  dysfunction  in  PD.  We  also 
targeted  apoptosis,  which  is  another  mitochondrial  function.  We  observed  that  the  compound 
tauroursodeoxycholic  acid  (TUDCA),  which  is  clinically  approved  for  use  in  liver  failure,  also  partially  protects 
against  toxicity  in  our  worm  models.  Combining  the  DbHB  and  the  TUDCA  provided  complete  protection  [4], 
This  suggests  that  mitochondrial  protection  is  a  useful  approach  to  examine  for  therapy  of  PD. 

In  summary,  we  have  accomplished  most  of  the  tasks  proposed  in  our  report.  We  studied  the  interaction  of 
metals  with  AS  in  vitro  and  in  cells,  and  in  the  process  identified  metals  that  accelerate  or  slow  the  process  of 
aggregation.  We  studied  the  regulation  of  AS  physiology  and  pathophysiology  in  neurons  discovering  that  AS 
inhibits  the  proteasome,  possibly  by  binding  to  the  S6’  protein.  We  also  developed  a  significant  body  of  work 
demonstrating  that  AS  impairs  mitochondrial  function.  Finally,  we  developed  three  different  strategies  for 
therapeutic  intervention:  magnesium,  p-synuclein  and  DbHB/TUDCA.  Further  work  must  be  performed  to 
determine  whether  these  therapeutic  approaches  can  be  applied  to  the  clinical  treatments  in  humans. 

I  have  included  relevant  publications  from  my  laboratory  along  with  this  report. 

Recommended  changes:  None. 
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Multiple  studies  implicate  metals  in  the  pathophysiol¬ 
ogy  of  neurodegenerative  diseases.  Disturbances  in 
brain  iron  metabolism  are  linked  with  synucleinopa- 
thies.  For  example,  in  Parkinson’s  disease,  iron  levels 
are  increased  and  magnesium  levels  are  reduced  in  the 
brains  of  patients.  To  understand  how  changes  in  iron 
and  magnesium  might  affect  the  pathophysiology  of 
Parkinson’s  disease,  we  investigated  binding  of  iron  to 
u-synuclein,  which  accumulates  in  Lewy  bodies.  Using 
fluorescence  of  the  four  tyrosines  in  a;-synuclein  as  in¬ 
dicators  of  metal-related  conformational  changes  in 
u-synuclein,  we  show  that  iron  and  magnesium  both 
interact  with  u-sy nuclein.  n-Sy nuclein  exhibits  fluores¬ 
cence  peaks  at  310  and  375  nm.  Iron  lowers  both  fluores¬ 
cence  peaks,  while  magnesium  increases  the  fluores¬ 
cence  peak  only  at  375  nm,  which  suggests  that 
magnesium  affects  the  conformation  of  u-synuclein  dif¬ 
ferently  than  iron.  Consistent  with  this  hypothesis,  we 
also  observe  that  magnesium  inhibits  n-sy nuclein  aggre¬ 
gation,  measured  by  immunoblot,  cellulose  acetate  fil¬ 
tration,  or  thioflavine-T  fluorescence.  In  each  of  these 
studies,  iron  increases  u-synuclein  aggregation,  while 
magnesium  at  concentrations  >0.75  mM  inhibits  the  ag¬ 
gregation  of  u-synuclein  induced  either  spontaneously 
or  by  incubation  with  iron.  These  data  suggest  that  the 
conformation  of  n-synuclein  can  be  modulated  by  met¬ 
als,  with  iron  promoting  aggregation  and  magnesium 
inhibiting  aggregation. 


Parkinson’s  disease  (PD)1  is  a  common  motor  disorder  that 
affects  about  1%  of  population  over  the  age  of  65  (1).  The 
disease  is  characterized  by  progressive  neurodegeneration  pre¬ 
dominantly  affecting  dopaminergic  neurons  in  the  nigrostriatal 
system  (2).  The  degenerating  neurons  develop  intracellular 
inclusions,  termed  Lewy  bodies,  which  are  composed  of  a  dense 
core  of  filamentous  and  granular  material  (3).  Recent  studies 
indicate  that  n-synuclein  is  a  major  filamentous  component  of 
Lewy  bodies  (3,  4).  Genetic  studies  suggest  that  u-synuclein 
plays  a  key  role  in  the  pathophysiology  of  PD,  because  muta¬ 
tions  in  n-synuclein,  at  A53T  or  A30P,  are  associated  with 
early-onset  familial  PD  (5,  6). 


*  This  work  was  supported  by  NINDS  Grant  NS41786-01,  United 
States  Army  Medical  Research  and  Materiel  Command  Grant 
DAMD17-01-1-0781,  Retirement  Research  Foundation,  and  Panacea 
Pharmaceuticals  (to  B.  W.).  The  costs  of  publication  of  this  article  were 
defrayed  in  part  by  the  payment  of  page  charges.  This  article  must 
therefore  be  hereby  marked  “ advertisement ”  in  accordance  with  18 
U.S.C.  Section  1734  solely  to  indicate  this  fact. 

$  To  whom  correspondence  should  be  addressed:  Dept,  of  Pharmacol¬ 
ogy,  Loyola  University  Medical  Center,  Bldg.  102,  Rm.  3634,  2160  S.  1st 
Ave.,  Maywood,  IL  60153.  Tel.:  708-216-6195;  Fax:  708-216-6596; 
E-mail:  bwolozi@lumc.edu. 

1  The  abbreviation  used  is:  PD,  Parkinson’s  disease. 


The  accumulation  of  aggregated  protein  underlies  the  patho¬ 
physiology  of  many  neurodegenerative  disorders,  and  increas¬ 
ing  evidence  suggests  that  aggregated  n-synuclein  plays  a  key 
role  in  the  pathophysiology  of  PD.  n-Synuclein  has  a  strong 
tendency  to  aggregate  and  does  so  spontaneously  in  vitro  at  a 
slow  rate  (7-9).  Both  the  A53T  and  the  A30P  mutations  in  PD 
increase  the  tendency  of  u-synuclein  to  aggregate.  Many  stud¬ 
ies  in  cultured  neurons,  and  some  studies  in  transgenic  ani¬ 
mals,  suggest  that  u-synuclein  aggregation  is  linked  to  cellular 
toxicity  and  neurodegeneration  (10-12).  In  cell  culture,  forma¬ 
tion  of  n-synuclein  aggregates  correlates  with  cell  injury  (10). 
Overexpressing  n-synuclein  in  Drosophila  leads  to  an  age-de- 
pendent  accumulation  of  aggregated  n-synuclein  and  associ¬ 
ated  neurodegeneration  (12).  Masliah  and  colleagues  also  ob¬ 
served  that  aggregated  u-synuclein  is  associated  with  loss  of 
markers  in  dopaminergic  neurons,  although  other  studies  of 
u-synuclein  overexpression  in  transgenic  mice  have  been  less 
conclusive  (11,  13,  14).  Thus,  increasing  lines  of  evidence  sug¬ 
gest  that  aggregation  of  cu-synuclein  is  associated  with  the 
degeneration  of  dopaminergic  neurons  and  suggest  that 
u-synuclein  contributes  to  the  neurodegenerative  processes  oc¬ 
curring  in  PD. 

Recombinant  n-synuclein  aggregates  spontaneously  follow¬ 
ing  prolonged  incubation  in  vitro.  Recently,  we  and  others  have 
shown  that  n-synuclein  also  aggregates  rapidly  following  expo¬ 
sure  to  Fe(II)  (10,  15).  In  vitro ,  Fe(II)  accelerates  the  rate  of 
u-synuclein  aggregation.  For  example,  similar  amounts  of  ag¬ 
gregation  are  induced  in  vitro  by  incubating  23  pM  u-synuclein 
alone  for  30  days  or  with  50  pM  FeCl2  for  only  3  days,  suggest¬ 
ing  that  50  gM  Fe(II)  increases  the  rate  of  n-synuclein  aggre¬ 
gation  about  10-fold  (see  discussion  below).  These  observations 
suggest  that  interaction  with  iron  could  greatly  accelerate 
u-synuclein  aggregation. 

The  factors  regulating  n-synuclein  aggregation  in  the  brain 
are  poorly  understood.  Some  studies  suggest  that  neurotoxins, 
such  as  the  pesticide  rotenone  or  paraquat,  stimulate 
u-synuclein  aggregation  (16).  The  involvement  of  metals  in  PD 
suggests  that  metals  might  also  play  a  role  in  the  aggregation 
of  u-synuclein  and  the  pathophysiology  of  PD.  Epidemiological 
studies  have  shown  that  exposure  to  metals  is  associated  with 
PD.  For  instance,  individuals  with  industrial  exposure  to  iron, 
copper,  and/or  lead  have  high  rates  of  PD  (17).  Neuropatholog- 
ical  studies  show  that  synucleinopathies  are  generally  associ¬ 
ated  with  iron  accumulation,  which  is  consistent  with  a  path¬ 
ological  link  between  iron  and  n-synuclein  (18).  Brains  from 
patients  with  PD,  type  I  iron  storage  disease  (Hallorvorden- 
Spatz  disorder),  and  multiple  systems  atrophy  all  show  in¬ 
creased  iron  content  (19).  In  PD  the  levels  of  iron  are  increased 
over  controls,  and  Fe(II)  has  been  identified  as  a  major  compo¬ 
nent  of  Lewy  bodies  (20-26).  How  iron  contributes  to  Lewy 
body  formation  and  the  pathophysiology  of  PD,  though,  is  not 
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understood.  In  the  experiments  described  below,  we  examine 
the  regulation  of  u-synuclein  aggregation  using  both  spontane¬ 
ous  and  iron-induced  u-synuclein  aggregation  in  vitro  and  show 
contrasting  actions  of  iron  and  magnesium  on  u-synuclein  ag¬ 
gregation.  These  studies  have  important  implications  for  the 
pathophysiology  of  PD  and  other  synucleionopathies. 

EXPERIMENTAL  PROCEDURES 

Materials — a-Synuclein  (wild-type,  A53T,  and  A30P)  was  cloned  into 
the  NcoVNoti  site  of  the  Pro-Ex  His  6  vector  (Invitrogen).  To  generate 
recombinant  a-synuclein,  BPer  (Pierce)  reagent  was  used  to  solubilize 
the  recombinant  a-synuclein  from  the  isopropyl- 1-thio-jS-D-galactopy- 
ranoside-induced  bacterial  lysates,  which  were  then  passed  over  a  nick¬ 
el-agarose  column  for  purification.  All  spectrophotometric  analysis 
were  repeated  three  to  five  times. 

Immunoblotting — Cells  were  harvested  with  SDS  lysis  solution  (2% 
SDS,  10  mM  Tris,  pH  7.4,  2  mM  /3-glycerol  phosphate,  1  /xm  AEBSF).  The 
amount  of  protein  was  determined  using  the  BCA  assay  (Pierce),  5-30 
/xg  per  lane  was  run  on  14%  SDS-polyacrylamide  gels  and  transferred  to 
nitrocellulose  (200  mA,  12  h).  The  nitrocellulose  was  then  incubated  1  h 
in  5%  I-block  (Tropix)/phosphate-buffered  saline,  washed,  incubated 
overnight  in  primary  antibody,  washed,  then  incubated  3  h  in  peroxi¬ 
dase-coupled  secondary  antibody  and  developed  with  chemiluminescent 
reagent  (PerkinElmer  Life  Sciences). 

Thioflavine-T  Measurements — For  analysis  of  aggregation  using  thi- 
oflavine-T,  23  nM  a-synuclein  was  incubated  in  10  /xm  thioflavine-T  (in 
50  mM  glycine,  pH  8.5)  and  measured  by  fluorescence  (Aex  =  440,  Aem  = 
450-600  nm). 

Cellulose  Acetate  Assay — To  analyze  aggregation  of  a-synuclein  by 
filtration,  samples  were  diluted  into  100  pi  of  water,  filtered  through 
cellulose  acetate  (0.2  pm  pore  size),  washed  with  200  pi  phosphate- 
buffered  saline,  and  then  immunoblotted  as  described  above. 

RESULTS 

Iron  Quenches  Tyrosine  Fluorescence  of  a-Synuclein:  Evi¬ 
dence  of  Association — To  understand  factors  regulating 
n-synuclein  aggregation,  we  investigated  the  interaction  of  dif¬ 
ferent  metals  with  n-synuclein  using  tyrosine  fluorescence  (27, 
28).  Tyrosine  fluorescence  has  been  used  to  monitor  the  asso¬ 
ciation  of  various  metals  with  a  number  of  proteins,  including 
A/3,  n-transducin  and,  more  recently,  n-synuclein  (27-29).  In 
these  studies  tyrosine  fluorescence  is  used  as  an  indicator  of 
changes  in  protein  conformation  or  binding  of  metals.  Exciting 
tyrosine  at  280  nm  elicits  fluorescence  that  peaks  at  310  nm  for 
monomeric  tyrosine  and  at  350-400  nm  for  tyrosinate  (30). 
The  fluorescence  spectrum  of  u-synuclein  yielded  fluorescence 
peaks  at  310  and  375  nm  (Fig.  1,  A  and  B).  Tyrosinate  reactiv¬ 
ity  occurs  when  the  phenolic  hydroxyl  group  of  tyrosine  forms 
hydrogen  bonds  with  carboxyl  groups  in  nearby  aspartates  or 
glutamates.  The  fluorescence  peak  of  a-synuclein  at  375  nm 
showed  a  pH  dependence  similar  to  that  of  tyrosinate  (Fig.  1C), 
which  is  consistent  with  the  pH  dependence  of  fluorescence  due 
to  tyrosinate.  The  peak  at  375  nm  had  the  highest  intrinsic 
fluorescence  at  low  pH  and  showed  little  change  in  fluorescence 
at  pH  >  7.0  (Fig.  1C).  Further  studies  confirmed  that  the  peak 
at  375  nm  is  not  due  to  tyrosine  dimerization,  because  both  gel 
electrophoresis  and  mass  spectrometry  of  the  a-synuclein 
showed  that  the  a-synuclein  was  monomeric  (Fig.  ID,  Coomas- 
sie  gel  of  recombinant  a-synuclein  shown),  and  in  addition, 
tyrosine  dimerization  of  a-synuclein  reduced  its  intrinsic  fluo¬ 
rescence  (Fig.  1,  E  and  F,  described  further  below).  These 
results  suggest  that  the  peak  at  375  nm  is  due  to  tyrosinate, 
which  could  result  from  proton  transfer  from  the  phenolic  hy¬ 
droxyl  to  aspartic  or  glutamic  acid  protein  acceptors  (30). 

Metals  Show  Three  Patterns  of  Interaction  with 
a-Synuclein — Next  we  used  the  fluorescence  to  examine  the 
interaction  of  a-synuclein  with  metals.  We  observed  three 
classes  of  interaction  with  a-synuclein.  Class  I  metals  included 
iron  (Fe(II)  and  Fe(III))  and  copper  (Cu(II))  and  decreased  the 
fluorescence  at  both  310  and  375  nm  (Fig.  1A).  Class  II  metals 
included  magnesium,  zinc,  and  calcium,  and  increased  the  flu¬ 


orescence  at  375  nm,  but  did  not  affect  the  fluorescence  at  310 
nm  (Figs.  2A  and  3A).  Class  III  metals  included  nickel  and 
manganese  and  did  not  affect  a-synuclein  fluorescence  (data 
not  shown).  We  proceeded  to  examine  the  fluorescence  of 
a-synuclein  in  more  detail  to  determine  whether  the  metal 
induced  changes  a-synuclein  fluorescence  reflected  interaction 
with  metals  or  some  other  process,  such  as  tyrosine  dimeriza¬ 
tion.  To  examine  whether  the  changes  in  fluorescence  could  be 
explained  by  tyrosine  dimerization,  we  exposed  monomeric 
a-synuclein  to  312  nm  light  for  2  h  (which  is  a  process  that 
induces  tyrosine  dimerization)  and  analyzed  the  emission  flu¬ 
orescence  spectrum  with  excitation  at  either  280  or  315  nm. 
The  emission  spectrum  derived  using  excitation  at  280  nm 
showed  that  ultraviolet-irradiation  reduced  a-synuclein  fluo¬ 
rescence  strongly  at  375  nm,  but  only  weakly  at  310  nm  (Fig. 
IE).  The  contrast  between  the  changes  in  fluorescence  induced 
by  ultraviolet  irradiation  and  by  metals  suggests  that  the 
changes  in  a-synuclein  fluorescence  induced  by  metals  are  not 
due  to  tyrosine  dimerization.  Analysis  of  the  emission  fluores¬ 
cence  spectrum  of  a-synuclein  following  excitation  at  315  nm 
showed  a  reduced  fluorescence  at  380  nm  for  the  ultraviolet- 
irradiated  a-synuclein  (Fig.  IF).  In  contrast,  iron  increased, 
rather  than  decreased,  the  fluorescence  of  a-synuclein  as  meas¬ 
ured  using  the  315  nm  excitation.  These  data  indicate  that  the 
iron-induced  quenching  of  a-synuclein  fluorescence  is  not  due 
to  cross-linking  of  a-synuclein  mediated  by  tyrosine 
dimerization. 

Dose  Dependence  of  Metal  Binding — Plotting  of  the  dose  de¬ 
pendence  of  iron-induced  fluorescence  quenching  showed  a  dose- 
dependent  decrease  in  fluorescence,  with  an  IC50  =  173  /xm  and 
a  Hill  coefficient  of  1.0  (R2  =  1.0,  p  <  0.0001)  (Fig.  IB), 
indicating  one  binding  site  or  multiple  binding  sites  with  the 
same  affinity  and  no  cooperativity  (Fig.  1,  A  and  B).  There  is  a 
small  amount  of  binding  of  iron  to  a-synuclein  between  1-10 
/xm  Fe(II),  which  is  a  range  that  could  be  physiologically  rele¬ 
vant  (intracellular  free  iron  is  about  1.5  /xm)  (31). 

The  effect  of  magnesium  on  a-synuclein  differed  dramati¬ 
cally  from  that  of  iron.  Magnesium  increased  the  fluorescence 
at  375  nm  but  did  not  affect  the  fluorescence  at  310  nm  (Fig. 
2A).  Binding  of  magnesium  to  a-synuclein  was  also  striking 
because  the  tyrosine  fluorescence  showed  a  sharp  stepwise 
increase  between  60  and  80  /xm  of  magnesium  indicating  coop¬ 
erative  binding  (Fig.  2A).  The  cooperative  regulation  of  tyrosine 
fluorescence,  specifically  at  375  nm,  suggests  that  magnesium 
causes  a  conformational  change  in  synuclein  differing  from 
that  induced  by  iron.  Co-incubating  80  /xm  magnesium  with 
iron  did  not  prevent  iron-induced  quenching  of  a-synuclein 
tyrosine  fluorescence  and  in  fact  increased  affinity  of 
a-synuclein  for  iron  from  173  to  50  /xm  (Fig.  2 B).  These  data 
suggest  that  iron  and  magnesium  bind  to  different  sites  on 
a-synuclein. 

Zinc  and  calcium  also  increased  the  fluorescence  of 
a-synuclein  at  375  nm,  but  showed  a  more  graded  pattern  of 
interaction  (Fig.  3A).  Jensen  and  colleagues  recently  noted  a 
similar  pattern  of  binding  of  calcium  to  a-synuclein  (29).  Inter¬ 
estingly,  immunoblots  of  recombinant  a-synuclein  following 
incubation  with  zinc  showed  that  zinc  induced  formation  of  a 
prominent  band  at  32  kDa,  consistent  with  formation  of  an 
SDS-resistant  a-synuclein  dimer  (Fig.  3 B).  Neither  magnesium 
nor  calcium  induced  formation  of  SDS-resistant  dimers  identi¬ 
fiable  by  immunoblot  (data  not  shown). 

We  also  examined  how  the  A53T  mutation  in  human 
a-synuclein  affected  binding  of  iron  and  magnesium.  The  A53T 
mutation  did  not  change  the  apparent  affinity  of  iron  for 
a-synuclein  (data  not  shown),  but  did  abolish  the  interaction 
between  magnesium  and  a-synuclein  (Fig.  2 C).  Previous  stud- 
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Fig.  1.  Interaction  of  iron  with  recombinant  n-synuclein.  A,  excitation  of  wild- type  a-synuclein  at  Aex  280  nm  produces  a  biphasic 
fluorescence  spectrum  with  peaks  at  310  and  375  nm.  Incubating  a-synuclein  with  increasing  doses  of  FeCl2  yields  a  progressive  quenching  of  both 
peaks.  B,  quantification  of  the  relative  fluorescence  from  Fig.  1A  of  1  p m  n-synuclein  at  310  nm  during  quenching  by  Fe(II).  C,  pH  dependence  of 
wild-type  a-synuclein  fluorescence  using  Aex  280  nm  and  Aem  290-450  nm.  The  pH  sensitivity  of  the  fluorescence  peak  at  375  indicates  that  this 
fluorescence  is  due  to  the  presence  of  tyrosinate.  D,  identification  of  recombinant  a-synuclein  following  PAGE  electrophoresis  by  staining  with 
Coomassie  Blue.  The  presence  of  a  single  a-synuclein  band  at  16  kDa  shows  that  there  is  no  dimerization.  E,  reduction  in  n-synuclein  fluorescence 
following  ultraviolet  (UV)  irradiation  (2  h).  The  reduction  in  fluorescence  of  a-synuclein  occurred  mainly  around  the  peak  at  375  nm  (Aex  =  280  nm; 
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Fig.  2.  A,  fluorescence  of  wild- type  a-synuclein  in  the  presence  of  increasing  doses  of  MgCl2  shows  increased  fluorescence  emission  at  375  nm 
and  no  change  at  310  nm,  using  an  excitation  wavelength  of  280  nm  (Aex  =  280  nm;  Aem  290-450  nm).  B,  a  representative  plot  showing  that 
magnesium  increases  the  affinity  of  a-synuclein  for  iron.  a-Synuclein  shows  an  affinity  for  iron  that  is  5-fold  lower  when  incubated  in  the  presence 
of  100  pM  MgCl2.  C,  fluorescence  emissions  of  A53T  a-synuclein  in  the  presence  of  increasing  doses  of  MgCl2  shows  no  change  at  375  or  310  nm, 
using  an  excitation  of  280  nm. 


A.  Zinc  Chloride 


Calcium  Chloride 


Fig.  3.  The  effects  of  zinc  on  n-synuclein  fluorescence  and  dimerization.  A,  incubating  zinc  or  calcium  with  recombinant  a-synuclein 
increases  the  peak  of  a-synuclein  emission  fluorescence  at  375  nm  in  a  graded  manner,  using  an  excitation  wavelength  of  280  nm  (Aex  =  280  nm; 
Aem  290-450  nm).  B,  immunoblot  of  recombinant  a-synuclein  after  incubation  with  zinc  shows  formation  of  a  32-kDa  band  consistent  with 
formation  of  an  SDS-resistant  a-synuclein  dimer.  Lane  1,  0  nM  ZnCl2;  lane  2,  100  nM  ZnCl2;  lane  3,  200  nM  ZnCl2;  lane  4,  400  nM  ZnCl2. 


ies  have  shown  that  the  A53T  mutation  changes  the  conforma¬ 
tion  of  n-synuclein  by  increasing  its  helical  content  (5).  These 
conformational  changes  might  either  reduce  binding  of  magne¬ 
sium  to  a-synuclein  or  prevent  the  conformational  change  as¬ 


sociated  with  binding  of  magnesium  to  a-synuclein. 

Magnesium  Inhibits  a-Synuclein  Aggregation — The  differing 
effects  of  magnesium  and  iron  on  the  fluorescence  spectrum  of 
a-synuclein  suggested  to  us  that  magnesium  and  iron  might 


Aem  290-450  nm),  which  contrasts  with  the  changes  in  fluorescence  induced  by  iron.  F,  UV  irradiation  (2  h)  also  reduces  a-synuclein  fluorescence 
following  excitation  at  Aex  =  315  nm;  Aem  350-450  nm.  UV-induced  inhibition  of  a-synuclein  fluorescence  contrasts  with  the  increase  in 
fluorescence  induced  by  iron  or  spontaneous  aggregation  of  a-synuclein. 
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Fig.  4.  Magnesium  inhibits  the  spontaneous  aggregation  of  u-synuclein.  A,  a-synuclein  was  prepared  freshly  {Mono)  or  aged  30  days  at 
37  °C  to  induce  spontaneous  aggregation  {Ag)  ±  0.8  mM  Mg  {Ag/Mg).  Then  the  samples  were  then  analyzed  by  Thioflavine-T  fluorescence.  The 
spontaneously  aggregated  a-synuclein  gave  strong  fluorescence,  while  the  sample  aged  in  the  presence  of  magnesium  had  a  fluorescence  curve 
identical  to  that  of  fresh  a-synuclein.  B,  a-synuclein  was  prepared  freshly  ( M ,  monomeric)  or  aged  30  days  at  37  °C  to  induce  spontaneous 
aggregation  {Ag,  aged)  or  aged  30  days  at  37  °C  in  the  presence  of  0.8  mM  MgCl2  {Ag/Mg,  aged  plus  Mg2+).  Then  the  samples  were  filtered  through 
a  cellulose  acetate  membrane  and  immunoblotted  with  rabbit  anti-a-synuclein  antibody.  Incubating  the  n-synuclein  with  magnesium  prevented 
formation  of  the  large  aggregates  that  are  captured  by  the  membrane.  C,  quantification  of  the  optical  density  of  the  dot  blots  using  the  NIH  Image 
program  {n  =  6,  *,  p  <  0.001,  analysis  of  variance  factorial). 


also  induce  different  conformational  states.  We  hypothesized 
that  the  conformational  changes  induced  by  binding  of  magne¬ 
sium  to  n-synuclein  might  inhibit  u-synuclein  aggregation.  To 
test  this,  we  examined  whether  magnesium  could  inhibit  the 
spontaneous  aggregation  of  n-synuclein.  n-Synuclein  (23  /xm) 
was  incubated  for  30  days  at  37°  ±  MgCl2  (500  /xm).  To  measure 
the  amount  of  aggregation,  the  u-synuclein  was  diluted  to  23 
nM  in  the  presence  of  10  /xm  thioflavine-T  (in  50  mM  glycine  pH 
8.5),  and  the  fluorescence  spectrum  was  measured.  The  solu¬ 
tion  of  aged  u-synuclein  showed  a  strong  fluorescence  peak  at 
480,  indicating  the  presence  of  abundant  /3-pleated  sheet  struc¬ 
tures  (Fig.  4A).  Prior  experiments  have  shown  that  the  spon¬ 
taneous  aggregation  of  u-synuclein  proceeds  through  a  mech¬ 
anism  involving  /3-pleated  sheet  formation,  and  that 
thioflavine-T,  which  binds  to  proteins  with  /3-pleated  sheet 
structure,  accurately  measures  u-synuclein  aggregation  (9). 
Using  thioflavine-T  we  observed  that  samples  incubated  in  the 
presence  of  magnesium  showed  only  base-line  levels  of  fluores¬ 
cence,  indicating  that  magnesium  prevented  the  formation  of 
/3-pleated  sheet  structures  and  the  aggregation  of  u-synuclein 
(Fig.  4A).  To  verify  that  the  magnesium  was  inhibiting 
u-synuclein  aggregation,  we  measured  the  amount  of  aggre¬ 
gated  u-synuclein  in  each  sample  by  capturing  the  aggregates 
with  0.2-/xm  cellulose  acetate  filters,  measuring  the  amount  of 
retained  u-synuclein  by  dot  blot,  and  quantitating  the  resulting 
optical  density.  The  results  of  the  cellulose  acetate  assay  par¬ 
alleled  the  thioflavine-T  assay  and  showed  that  magnesium 
prevented  the  spontaneous  aggregation  of  u-synuclein  (Fig.  4, 
B  and  C ).  Thus,  two  independent  methods  show  that  magne¬ 
sium  inhibits  the  spontaneous  aggregation  of  u-synuclein  in 
vitro. 

Magnesium  was  also  able  to  prevent  iron-induced 
u-synuclein  aggregation.  u-Synuclein  (8  /xm)  was  incubated 
with  50  /x m  FeCl2  for  72  h  and  then  analyzed  by  thioflavine-T 
fluorescence  or  cellulose  acetate.  In  both  cases,  u-synuclein 
samples  co-incubated  with  500  /xm  magnesium  chloride  showed 
little  aggregation  (Fig.  5,  A  and  B).  The  amount  of  thioflavine-T 
fluorescence  induced  by  iron  was  less  than  that  induced  by 
spontaneously  aggregated  u-synuclein,  which  likely  indicates 
that  spontaneously  induced  u-synuclein  contains  more 
/3-pleated  sheet  structure.  Indeed  analysis  of  iron-induced 
u-synuclein  aggregates  by  circular  dichroism  did  not  show  for¬ 


mation  of  /3-pleated  sheet  structures,  which  suggests  formation 
of  a  more  amorphous  aggregate  (Fig.  5,  C  and  D ).  These  data 
suggest  that  magnesium  inhibits  the  formation  of  u-synuclein 
aggregates  containing  either  /3-pleated  sheet  structure  (via 
spontaneous  aggregation)  or  amorphous  structure  (via  iron- 
induced  aggregation). 

We  also  examined  aggregation  by  immunoblot  analysis, 
which  has  been  successfully  used  to  examine  aggregation  of 
u-synuclein,  as  well  as  aggregation  of  other  proteins  implicated 
in  neurodegenerative  disease,  such  as  the  huntingtin  and  PrP 
proteins  (29,  32-35).  In  these  assays,  wild-type  recombinant 
n-synuclein  (8  /xm)  was  incubated  with  0-3  mM  FeCl2  and  0  or 
100  /x m  MgCl2  for  24  h  at  37  °C.  The  samples  were  immuno¬ 
blotted  with  anti-u-synuclein  antibody,  and  the  total  amount  of 
u-synuclein  reactivity  above  46  kDa  (which  includes  structures 
larger  than  a  dimers)  was  quantified  by  video  densitometry 
(Fig.  6,  A  and  B).  We  observed  a  reduction  in  formation  of  high 
molecular  weight  immunoreactivity  of  u-synuclein  at  all  but 
the  highest  dose  of  iron  {n  =  3,  p  <  0.0001).  These  results 
support  the  hypothesis  that  magnesium  inhibits  aggregation  of 
n-synuclein  induced  following  treatment  with  iron. 

Since  we  did  not  observe  interaction  between  magnesium 
and  A53T  u-synuclein  using  tyrosine  fluorescence,  we  tested 
whether  aggregation  of  recombinant  A53T  u-synuclein  was 
also  insensitive  to  magnesium.  We  incubated  recombinant 
A53T  u-synuclein  with  0-3  mM  FeCl2  and  0  or  100  /xm  MgCl2 
for  24  h,  then  immunoblotted  the  u-synuclein  and  quantified 
aggregation  by  video  densitometry,  as  described  above  (Fig.  6, 
C  and  D ).  We  did  not  observe  consistent  inhibition  of  iron- 
induced  aggregation  of  A53T  u-synuclein  by  magnesium.  This 
suggests  that  magnesium  cannot  inhibit  iron-induced  aggrega¬ 
tion  of  A53T  u-synuclein. 

DISCUSSION 

These  data  demonstrate  that  iron  (II),  magnesium,  zinc,  and 
calcium  all  interact  with  n-synuclein.  Our  data  primarily  rely 
on  tyrosine  fluorescence  as  a  measure  of  the  interaction  of 
u-synuclein  with  metals.  The  Kt  of  u-synuclein  for  iron  is  173 
/xm,  and  the  Kt  of  magnesium  for  u-synuclein  is  between  60  and 
80  /xm.  These  affinities  are  consistent  with  an  affinity  of 
n-synuclein  for  calcium,  determined  by  Nielson  and  colleagues 
(29).  Nielson  and  colleagues  also  confirmed  their  tyrosine  flu- 
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Fig.  5.  Magnesium  inhibits  iron-induced  u-synuclein  aggregation.  A,  thioflavine-T  fluorescence  of  a-synuclein  (8  p lm)  following  a  3-day 
incubation  in  the  presence  of  50  pM  FeCl2  ±  0.8  mM  MgCl2.  B,  analysis  of  the  affects  of  magnesium  on  iron  induced  a-synuclein  aggregation  ± 
magnesium.  a-Synuclein  was  prepared  freshly  (Mono)  or  aged  3  days  at  37  °C  in  the  presence  of  50  pM  FeCl2  ±  0.8  mM  MgCl2.  Then  the  samples 
were  filtered  through  a  cellulose  acetate  membrane  and  immunoblotted  with  rabbit  anti-a-synuclein  antibody.  Cellulose  acetate  assay  of 
spontaneously  aggregated  synuclein  ±  Mg2+.  C,  circular  dichroism  spectrum  of  native  a-synuclein  (160  pg/ml).  D,  circular  dichroism  spectrum  of 
a-synuclein  (160  pg/ ml)  following  incubation  with  500  pM  FeS04  for  5  days. 


orescence  studies  using  equilibrium  dialysis;  our  attempts  at 
using  equilibrium  dialysis  were  stymied  by  extensive  binding  of 
n-synuclein  to  dialysis  membranes.  However,  the  studies  of 
Nielson  and  colleagues  show  that  tyrosine  fluorescence  pro¬ 
vides  an  accurate  indication  of  metal-synuclein  binding  inter¬ 
actions.  The  apparent  affinity  of  n-synuclein  for  magnesium  is 
strong  enough  to  allow  interaction  of  n-synuclein  with  magne¬ 
sium  in  living  cells,  where  the  average  intracellular  concentra¬ 
tion  of  magnesium  is  about  0.5  mM.  This  suggests  that  this 
interaction  could  have  physiological  significance. 

Although  binding  of  magnesium  to  u-synuclein  occurs  at  a 
concentration  range  that  is  physiologically  significant,  the  con¬ 
centration  of  free  iron  in  the  cell  is  much  lower  (<1.5  pM), 
which  is  far  below  the  affinity  of  n-synuclein  for  iron  that  we 
observed  (173  pM)  (36).  However,  studies  using  cell  culture  and 
neuropathology  both  suggest  that  n-synuclein  interacts  with 
iron.  Incubating  cells  with  iron  induces  n-synuclein  aggrega¬ 
tion  in  viable  cells,  which  suggests  that  the  concentration  of 
iron  in  a  cell  is  sufficient  to  induce  n-synuclein  aggregation 
under  some  conditions.  In  addition,  n-synuclein  aggregates  in 


iron  type  I  storage  disease,  and  iron  co-localizes  with 
n-synuclein  in  Lewy  bodies  (19).  Although  it  is  unclear  how 
n-synuclein  might  interact  with  iron  in  the  living  cell,  it  is 
possible  that  cofactors  increase  the  affinity  of  n-synuclein  for 
iron  sufficient  to  allow  a  physiological  interaction.  Many  other 
factors  might  also  affect  the  behavior  of  n-synuclein.  For  in¬ 
stance,  binding  to  lipids  and  phosphorylation  or  binding  to 
/3-synuclein  have  all  been  shown  to  change  the  biochemistry  of 
n-synuclein,  and  these  agents  might  increase  its  affinity  for 
iron  (44).  Our  preliminary  studies  examining  magnesium  al¬ 
ready  provide  a  hint  of  modulation.  The  Kt  of  iron  (II)  drops  to 
50  pM  in  the  presence  of  magnesium.  Future  studies  might 
unravel  the  biochemistry  of  n-synuclein  further. 

Although  binding  of  magnesium  appears  to  introduce  a  con¬ 
formation  that  promotes  binding  of  iron,  this  same  conforma¬ 
tional  change  inhibits  aggregation  of  n-synuclein.  We  hypoth¬ 
esize  that  magnesium  either  changes  the  conformation  of 
n-synuclein  to  one  that  resists  aggregation  or  induces  dimer¬ 
ization  to  a  structure  that  resists  aggregation  (Fig.  7).  The 
ability  of  zinc  to  induce  SDS-resistant  n-synuclein  dimers,  cou- 
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Fig.  6.  Immunoblotting  of  a-synuclein  following  incubation  with  varying  doses  of  Fe(II)  ±  100  jmM  MgCl2.  A,  immunoblotting  of 
recombinant  wild-type  a-synuclein  following  treatment  with  0-3  mM  FeCl2  plus  0.1  mM  MgCl2  for  1  day.  The  mean  optical  density  above  46  kDa 
was  quantified  and  used  as  an  index  of  aggregation.  Increasing  doses  of  MgCl2  reduced  the  formation  of  high  molecular  weight  aggregates  of 
a-synuclein.  Concentrations  (/xm)  of  iron  salts:  0  ( lanes  1  and  7),  30  ( lanes  2  and  8),  100  ( lanes  3  and  9),  300  ( lanes  4  and  10),  1000  ( lanes  5  and  11); 
3000  ( lanes  6  and  12).  Concentrations  (p, m)  of  MgCl2:  0  ( lanes  1-6),  100  ( lanes  7-12).  B,  quantification  of  the  aggregate  formation  by  video 
densitometry  showed  a  dose  dependent  decrease  in  aggregate  formation  that  was  statistically  significant  at  0.1  mM  MgCl2  (n  =  3  for  each  point). 
D,  immunoblotting  of  recombinant  A53T  u-synuclein  following  treatment  with  0-3  mM  FeCl2  plus  0.1  mM  MgCl2  for  1  day.  The  mean  optical  density 
above  46  kDa  was  quantified  and  used  as  an  index  of  aggregation.  Increasing  doses  of  MgCl2  did  not  consistently  inhibit  formation  of  high 
molecular  weight  aggregates  of  a-synuclein.  E,  quantification  of  aggregate  formation  by  video  densitometry,  showing  that  magnesium  did  not 
inhibit  aggregation  of  A53T  a-synuclein  {n  =  3  for  each  point). 


pled  with  the  similarity  the  changes  in  tyrosine  fluorescence 
observed  with  magnesium  and  zinc,  suggest  that  magnesium 
might  induce  dimerization  of  cu-synuclein  in  a  manner  similar 
to  that  of  zinc.  Future  studies  using  nuclear  magnetic  reso¬ 
nance  spectroscopy  will  need  to  be  performed  to  investigate 
further  how  magnesium  affects  the  conformation  of 
n-synuclein. 

The  most  important  observation  made  in  this  paper  is  that 
magnesium  inhibits  the  aggregation  of  n-synuclein.  This  obser¬ 
vation  is  supported  by  our  use  of  four  independent  lines  of 
investigation  (immunoblot,  cellulose  acetate  filtration,  and  thi- 
oflavine-T  fluorescence).  The  type  of  aggregate  measured  by 
each  assay  likely  differs  slightly.  Immunoblotting  detects  ag¬ 
gregates  that  are  stable  enough  to  resist  both  heating  and  SDS. 
Cellulose  acetate  filtration  and  thioflavine-T  are  more  gentle 
methods  that  can  detect  both  stable  aggregates  and  also  aggre¬ 
gates  that  might  be  re-dissolved  by  SDS.  Thioflavine-T  recog¬ 
nizes  aggregate  with  a  /3-pleated  sheet  structure.  Interestingly, 
spontaneously  aggregated  u-synuclein  shows  much  more  fluo¬ 
rescence  by  thioflavine-T  than  iron-induced  aggregate,  sug¬ 


gesting  that  the  former  has  more  /3-pleated  sheet  structure.  We 
have  also  taken  care  to  examine  two  forms  of  u-synuclein 
aggregation:  spontaneous  and  iron-induced  aggregation.  Many 
studies  show  that  u-synuclein  has  a  strong  tendency  to  spon¬ 
taneously  aggregate,  and  this  is  the  most  widely  accepted 
method  for  inducing  u-synuclein  aggregation  (7-9).  Metal-in¬ 
duced  aggregation  has  only  been  investigated  by  a  small  num¬ 
ber  of  groups,  but  is  perhaps  the  only  method  currently  avail¬ 
able  for  inducing  u-synuclein  aggregation  in  cultured  cells  (10, 
15,  37).  The  ability  of  magnesium  to  inhibit  u-synuclein  aggre¬ 
gation  induced  by  both  protocols  (spontaneous  and  iron-in¬ 
duced)  suggests  that  this  is  a  robust  phenomenon. 

Increasing  evidence  suggests  that  metals  play  a  pivotal  role 
in  the  pathophysiology  of  neurodegenerative  disorders.  Zinc 
and  copper  greatly  accelerate  aggregation  of  /3-amyloid  and 
might  play  a  critical  role  in  neurotoxicity  induced  by  /3-amyloid 
(38,  39).  Copper  and  manganese  both  bind  to  the  prion  protein 
and  appear  to  influence  the  clinical  course  of  prion-induced 
neurodegeneration  (40,  41).  Iron  levels  are  increased  in  brains 
of  patients  with  PD,  and  iron  is  present  in  Lewy  bodies.  Neu- 
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Fig.  7.  Model  of  interaction  of  iron  and  magnesium  with 
n-synuclein.  In  this  model,  iron  binds  to  a-synuclein  and  promotes 
aggregation.  Magnesium  appears  to  bind  to  a  different  site  than  does 
iron  and  therefore  does  not  inhibit  binding  of  iron.  We  hypothesize  that 
binding  of  magnesium  to  n-synuclein  induces  a  conformational  change 
that  prevents  formation  of  large  a-synuclein  aggregates. 

romelanin  selectively  binds  Fe(III)  and  might  liberate  Fe(II)  as 
the  Fe(III)  is  reduced  to  Fe(II)  (via  the  Haber  Weiss  reaction) 
by  free  radicals  produced  in  response  to  the  oxidative  stress 
associated  with  PD,  providing  a  potential  source  of  Fe(II)  to 
accelerate  u-synuclein  aggregation  (42,  43).  On  the  other  hand, 
magnesium  levels  are  reduced  in  brains  of  patients  with  PD 
(21-26).  If  iron  accelerates  n-synuclein  aggregation,  then  the 
abundance  of  iron  in  the  substantia  nigra  could  increase  the 
tendency  of  Lewy  bodies  to  accumulate  in  this  region.  In  a 
companion  paper,2  we  extend  our  studies  from  the  test  tube  to 
neurons,  and  show  that  magnesium  also  inhibits  aggregation  of 
u-synuclein  in  neurons.  Together,  these  data  raise  the  possibil¬ 
ity  that  iron  and  magnesium  might  also  modulate  u-synuclein 
aggregation  in  the  brain. 
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a-Synuclein  has  been  implicated  in  the  pathogenesis 
of  many  neurodegenerative  diseases,  including  Parkin¬ 
son’s  disease  and  Alzheimer’s  disease.  Although  the 
function  of  n-synuclein  remains  largely  unknown,  re¬ 
cent  studies  have  demonstrated  that  this  protein  can 
interact  with  phospholipids.  To  address  the  role  of 
a-synuclein  in  neurodegenerative  disease,  we  have  in¬ 
vestigated  whether  it  binds  phospholipase  D  (PLD)  and 
affects  PLD  activity  in  human  embryonic  kidney  (HEK)- 
293  cells  overexpressing  wild  type  a-synuclein  or  the 
mutant  forms  of  a-synuclein  (A53T,  A30P)  associated 
with  Parkinson’s  disease.  Tyrosine  phosphorylation  of 
a-synuclein  appears  to  play  a  modulatory  role  in  the 
inhibition  of  PLD,  because  mutation  of  Tyr125  to  Phe 
slightly  increases  inhibitory  effect  of  a-synuclein  on 
PLD  activity.  Treatment  with  pervanadate  or  phorbol 
myristate  acetate  inhibits  PLD  more  in  HEK  293  cells 
overexpressing  a-synuclein  than  in  control  cells.  Bind¬ 
ing  of  a-synuclein  to  PLD  requires  phox  and  pleckstrin 
homology  domain  of  PLD  and  the  amphipathic  repeat 
region  and  non-A/3  component  of  a-synuclein.  Although 
biologically  important,  co-transfection  studies  indicate 
that  the  interaction  of  a;-synuclein  with  PLD  does  not 
influence  the  tendency  of  a-synuclein  to  form  patholog¬ 
ical  inclusions.  These  results  suggest  that  the  associa¬ 
tion  of  u-synuclein  with  PLD,  and  modulation  of  PLD 
activity,  is  biologically  important,  but  PLD  does  not  ap¬ 
pear  to  play  an  essential  role  in  the  pathophysiology  of 
u-synuclein. 


n-Synuclein  is  a  small,  highly  conserved  presynaptic  protein 
of  unknown  function  that  has  been  implicated  in  the  develop¬ 
ment  of  neurodegenerative  diseases,  such  as  Alzheimer’s  (AD)1 
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son’s  disease;  PLD,  phospholipase  D;  PLC,  phospholipase  C;  PMA, 


and  Parkinson’s  disease  (PD).  n-Synuclein  is  known  to  be  a 
structural  component  of  the  filaments  in  Lewy  bodies  of  PD  and 
dementia  with  Lewy  bodies  (1-5).  n-Synuclein  also  contributes 
to  the  intracellular  inclusions  of  multiple  system  atrophy  (6,  7), 
and  a  fragment  has  been  found  in  senile  plaques  in  Alzheimer’s 
disease.  Two  point  mutations  (A53T,  A30P)  in  n-synuclein  are 
genetically  linked  to  familial  PD  (8,  9).  However,  the  mecha¬ 
nism  by  which  u-synuclein  is  involved  in  PD  and  in  the  accu¬ 
mulation  in  Lewy  bodies  remains  elusive.  The  recent  observa¬ 
tion  that  both  mice  and  flies  expressing  a  human  u-synuclein 
transgene  recapitulate  some  characteristics  of  PD  suggests 
that  n-synuclein  could  be  involved  directly  in  the  development 
of  this  disease  (10,  11).  Structurally,  u-synuclein  is  a  small 
acidic  protein  of  140  amino  acid  residues  that  contains  three 
modular  domain,  including  an  amino-terminal  lipid  binding 
u-helix,  an  amyloid  binding  domain  that  encodes  the  non-A/3 
component  (NAC)  of  AD  plaques,  and  a  carboxyl-terminal 
acidic  tail.  The  structure  of  u-synuclein  allows  the  molecule  to 
exist  in  either  a  random  or  a  natively  unfolded  conformation  or 
as  an  u-helix  in  the  presence  of  phospholipids  (12,  13),  suggest¬ 
ing  a  highly  dynamic  regulation  of  u-synuclein  function  that 
depends  on  the  local  cellular  milieu. 

Reported  binding  targets  for  u-synuclein  include  Tau  (14), 
14-3-3  (15),  protein  kinase  C  (15),  synphilin-1  (16),  Elk  (17), 
Tat-binding  protein  1  (18).  Recent  studies  have  suggested  var¬ 
ious  cellular  roles  for  n-synuclein  that  include  possible  modifi¬ 
cations  of  membrane  and  cell  surface  signaling  events  (19). 
Although  normal  cellular  functions  of  u-synuclein  are  un¬ 
known,  several  observations  suggest  the  synuclein  may  serve 
to  integrate  presynaptic  signaling  and  membrane  trafficking. 

Recently,  u-synuclein  has  been  identified  as  a  potent  and 
selective  inhibitor  of  phospholipase  D2  (PLD2)  in  vitro.  PLD 
hydrolyzes  phosphatidylcholine  to  produce  phosphatidic  acid 
and  diacylglycerol  (20).  This  suggests  that  the  level  and  mod¬ 
ification  of  u-synuclein  may  affect  phospholipase  D2  activity  in 
vitro ,  thereby  modulating  the  cleavage  of  membrane  lipids  and 
membrane  biogenesis  (19).  Thus  far,  two  isoforms  of  PLD  have 


phorbol  12-myristate  13-acetate;  PKCa,  protein  kinase  C  a;  DMEM, 
Dulbecco’s  modified  Eagle’s  medium;  HEK  cells,  human  embryonic 
kidney  cells;  NAC,  non-A/3  component  of  Alzheimer’s  disease  plaques; 
GST,  glutathione  S-transferase;  PBS,  phosphate-buffered  saline; 
H  &  E,  hematoxylin  and  eosin;  wt,  wild-type. 
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been  described,  PLD1  and  PLD2  (21-24).  Activity  of  120-kDa 
PLD1  is  regulated  by  multiple  inputs,  including  phosphatidyl- 
inositol  4,5-bisphosphate,  protein  kinase  C,  the  Rho  family 
proteins,  and  ADP-ribosylation  factor  proteins.  PLD2  is  a  106- 
kDa  protein  that  share  50-55%  homology  with  PLD1.  PLD2  is 
reported  to  have  a  much  higher  basal  activity  than  PLD1  and 
appears  to  be  insensitive  to  further  stimulation  by  the  known 
activators  of  PLD1.  The  primary  lipid  product  of  PLD,  phos- 
phatidic  acid,  exhibits  a  number  of  biological  activities  in  vitro 
and  may  be  an  important  mediator  of  processes  controlling 
vesicular  transport  and  changes  in  cell  morphology  (25).  In 
neuronal  cells,  PLD  activation  has  been  linked  to  pathways 
involved  in  cell  growth,  differentiation,  and  neurotransmitter 
release  (26,  27).  Although  many  studies  continue  to  focus  on 
the  functional  relationships  and  the  isozyme  specificities  of  the 
PLD  isozymes,  the  molecular  mechanism  of  the  regulation  of 
the  PLDs  has  not  been  fully  elucidated. 

In  this  regard,  the  identification  of  PLD-binding  partners 
may  provide  clues  toward  the  understanding  of  complex  regu¬ 
latory  mechanism  of  PLD  in  different  cells.  Since  direct  cell 
cytotoxicity  of  u-synuclein  is  still  controversial,  u-synuclein 
might  interact  with  other  proteins  to  cause  neurodegeneration. 
The  investigation  of  regulation  of  PLD  by  u-synuclein  is  re¬ 
quired  to  gain  insight  into  the  role  of  these  proteins  under 
normal  and  pathological  condition.  As  a  step  in  this  effort,  we 
now  report  for  the  first  time  that  u-synuclein  binds  to  PLD1 
and  PLD2  and  inhibits  pervanadate-induced  PLD  activation  in 
human  embryonic  kidney  293  cells.  Moreover,  we  show  that  the 
state  of  tyrosine  phosphorylation  of  u-synuclein  plays  a  modu¬ 
latory  role  in  pervanadate-induced  PLD  activity. 

EXPERIMENTAL  PROCEDURES 

Materials — Dulbecco’s  modified  Eagle’s  medium  (DMEM),  fetal  bo¬ 
vine  serum,  and  LipofectAMINE  were  purchased  from  Invitrogen.  Pro¬ 
tein  A-Sepharose  and  glutathione-Sepharose  4B  were  from  Amersham 
Biosciences.  Biotech.  Hydrogen  peroxide  and  sodium  orthovanadate 
were  from  Sigma,  and  anti-phosphotyrosine  antibody  (Tyr(P))  (4G10) 
were  from  Upstate  Biotechnology.  The  antibody  to  PKCa  was  pur¬ 
chased  from  Santa  Cruz.  Mouse  monoclonal  antibody  to  u-synuclein 
was  generated  using  GST-a-synuclein  as  an  antigen.  Rabbit  polyclonal 
antibody  that  recognizes  both  PLD1  and  PLD2  was  generated  as  de¬ 
scribed  previously  (28).  Phosphatidylbutanol  standard  was  from  Avanti 
Polar  Lipid.  rayo-[2-3H]  Inositol  and  [9,10-3H]myristate  were  purchased 
from  PerkinElmer  Life  Sciences.  Silica  gel  60  A  thin  layer  chromatog¬ 
raphy  plates  were  from  Whatman.  Horseradish  peroxidase-conjugated 
anti-mouse  IgG  and  anti-rabbit  IgG  were  from  Kirkegaard  &  Perry 
Laboratory  (Gaithersburg,  MD).  The  ECL  Western  blotting  detection 
kit  was  from  Amersham  Biosciences. 

Cell  Culture  and  Transfection — HEK  293  cells  were  maintained  in 
Hepes-buffered  DMEM  (Invitrogen)  supplemented  with  10%  (v/v)  fetal 
bovine  serum  under  5%  C02  The  cells  were  transfected  with  the  indi¬ 
cated  plasmid  DNA  and  LipofectAMINE  (Invitrogen)  according  to  man¬ 
ufacturer’s  instructions.  G418  (500  jug/ ml)  was  used  for  selection. 

Co-immunoprecipitation  and  Immunoblot — HEK  293  cells  were  ly¬ 
sed  with  lysis  buffer  (20  mM  Hepes,  pH  7.2, 1%  Triton  X-100, 1%  sodium 
deoxycholate,  0.2%  SDS,  150  mM  NaCl,  1  mM  Na3V04,  1  mM  NaF,  10% 
glycerol,  10  pig/ml  leupeptin,  10  pig/ml  aprotinin,  1  mM  phenymethyl- 
sulfonyl  fluoride)  and  precleared  with  preimmune  IgG  and  protein 
A-Sepharose  for  30  min  at  4  °C  with  rocking.  Protein  concentrations 
were  determined  using  the  Bio-Rad  Protein  Assay  with  bovine  serum 
albumin  as  a  standard.  Equal  protein  aliquots  of  precleared  cell  lysates 
(1  mg)  were  incubated  with  the  indicated  antibodies  and  30  pil  of  a  1:1 
slurry  of  protein  A-Sepharose  beads  for  4  h  at  4  °C.  The  immune 
complexes  were  collected  by  centrifugation  and  washed  five  times  with 
a  buffer  (20  mM  Tris,  pH  7.5,  1  mM  EDTA,  1  mM  EGTA,  150  mM  NaCl, 
2  mM  Na3V04,  10%  glycerol,  and  1%  Nonidet  P-40)  and  resuspended  in 
sample  buffer.  Immune  complexes  were  subjected  to  SDS-PAGE  and 
Western  blot  analysis  using  the  indicated  antibody.  The  protein  bands 
were  visualized  using  ECL  (Amersham  Biosciences). 

Construction  and  Preparation  of  GST  Fusion  Proteins — The  full- 
length  cDNA  of  human  PLD1  or  PLD2  was  digested  into  fragments 
containing  specific  domains.  These  individual  PLD1  or  PLD2  fragments 
were  then  ligated  into  the  EcoRl  or  Smal  site  of  the  pGEX4Tl  vector. 


Subcloning  and  the  polymerase  chain  reaction  (PCR)  were  used  to 
produce  the  expression  vectors  encoding  the  respective  GST  fusion 
proteins.  Escherichia  coli  BL21  cells  were  transformed  with  individual 
expression  vectors  encoding  the  GST  fusion  proteins,  and  after  harvest¬ 
ing  the  cells,  the  GST  fusion  protein  expressed  were  purified  by  stand¬ 
ard  methods  (29)  using  glutathione-Sepharose  4B  (Amersham 
Biosciences). 

Preparation  of  Rat  Brain  Extract — Rat  brain  (2  g)  was  homogenized 
in  lysis  buffer  using  a  polytron  homogenizer.  After  centrifugation  at 
100,000  X  g  for  1  h  at  4  °C,  the  resulting  supernatant  was  used  to 
investigate  potential  a-synuclein  or  PLD  binding  domains.  Protein  con¬ 
centrations  were  determined  using  the  methods  developed  by  Bradford 
(30). 

In  Vitro  Binding  Experiment — Clarified  lysates  (1  mg)  of  rat  brain 
were  incubated  with  3  pg  of  GST  fusion  proteins  immobilized  on  glu¬ 
tathione-Sepharose  beads  in  a  final  volume  of  500  pi  of  lysis  buffer  for 
1.5  h  at  4  °C.  Protein  complexes  were  collected  by  centrifugation  and 
washed  four  times  with  washing  buffer  (1%  Triton  X-100, 150  mM  NaCl, 
20  mM  Tris-HCl,  pH  8.0,  20  mM  NaF,  2  mM  sodium  orthovanadate,  1  mM 
PMSF,  10  pg/ml  leupeptin,  10  pg/ml  aprotinin).  Associated  protein 
complexes  were  resolved  by  SDS-PAGE  and  transferred  to  a  nitrocel¬ 
lulose  membrane.  Immunoreactivity  was  detected  using  the  indicated 
antibodies,  horseradish  peroxidase-conjugated  secondary  antibodies, 
and  ECL  according  to  the  manufacturer’s  instructions. 

Measurement  of  Phosphoinositides  Hydrolysis  by  PLC — Cells  were 
plated  into  60-mm  dishes  at  5  X  105  cells  per  dish  and  grown  for  1  day. 
The  cells  were  then  labeled  with  myo-  [2 -3H]  inositol  (2  pCi/ml)  in  inos- 
itol-free  DMEM  for  20  h.  Subsequently,  the  labeled  cells  were  washed 
and  pretreated  with  20  mM  LiCl  for  15  min  in  DMEM  containing  20  mM 
Hepes,  pH  7.2,  and  1  mg/ml  bovine  serum  albumin.  Stimulation  was 
initiated  by  the  addition  of  pervanadate  for  50  min  and  terminated  by 
the  addition  of  ice-cold  5%  HC104.  After  30  min  in  an  ice  bath,  extracts 
were  centrifuged,  diluted  with  distilled  water,  and  applied  to  Bio-Rad 
Dowex  AG  1-X8  anion  exchanger  column.  The  column  was  then  washed 
with  10  ml  of  distilled  water  followed  by  10  ml  of  60  mM  ammonium 
formate  containing  5  mM  of  sodium  tetraborate.  Total  inositol  phos¬ 
phates  were  eluted  with  a  solution  containing  1  M  ammonium  formate 
and  0.1  M  formic  acid. 

Phospholipase  D  Assay — PLD  activity  was  assessed  by  measuring 
the  formation  of  [3H]  phosphatidylbutanol,  the  product  of  transphos- 
phatidylation  in  the  presence  of  1-butanol.  HEK  293  cells  were  subcul¬ 
tured  in  six- well  plates  at  2  X  105  cells/well.  The  cells  were  serum- 
starved  in  DMEM  for  24  h  before  the  start  of  the  assay.  For  the  final 
20  h  of  serum  starvation,  the  cells  were  labeled  with  1  pCi/ml  [9,10- 
3H]myristic  acid.  The  cells  were  washed  three  times  with  5  ml  of 
phosphate-buffered  saline  (PBS)  and  pre-equilibrated  in  serum-free 
DMEM  for  1  h.  For  the  final  10  min  of  preincubation,  0.3%  butan-l-ol 
was  included.  At  the  end  of  the  preincubation,  cells  were  treated  with 
pervanadate  or  PM  A  for  the  indicated  times.  Incubations  were  termi¬ 
nated  by  removing  the  medium,  washing  with  5  ml  of  ice-cold  PBS,  and 
adding  1  ml  of  ice-cold  methanol.  Cells  were  scraped  off  the  plates  using 
a  policeman,  and  the  lipids  were  extracted  and  separated  with  metha¬ 
nol/chloroform/0.1  N  HC1  (1:1:1)  according  to  the  method  of  Bligh  and 
Dyer  (31).  The  lower  phase  was  dried  under  N2,  resuspended  in  30  pi  of 
chloroform/methanol  (2:1),  and  spotted  onto  silica  gel  60A  thin  layer 
chromatography  plate  (Whatman).  The  plates  were  developed  in  the 
upper  phase  of  the  solvent  system  of  ethyl  acetate/iso-octane/H20/acetic 
acid  (55:25:50:10)  and  stained  with  iodine.  A  phosphatidylbutanol 
standard  (Avanti  Polar  Lipids)  was  used  to  locate  the  bands,  which 
were  scraped  into  scintillation  mixture.  Radioactivity  incorporated  into 
total  phospholipids  was  measured,  and  the  results  were  presented  as 
percentage  of  total  lipid  counts/min  incorporated  into  phosphatidylbu¬ 
tanol  to  normalize  the  results. 

Immunofluorescent  Staining — To  examine  the  co-localization  of 
a-synuclein  with  PLD1,  a  double-immunofluorescence  technique  was 
used.  Three  male  Sprague-Dawley  rats  (3-6  months  old)  were  deeply 
anesthetized  with  4%  chloral  hydrate  (1  ml/100  mg)  and  were  sacrificed 
by  transcardial  perfusion  with  a  fixative  containing  4%  paraformalde¬ 
hyde  in  0.1  m  phosphate  buffer,  pH  7.4.  Cryostat  coronal  sections  (25 
pm  thick)  were  cut  throughout  the  mesencephalon  and  were  processed 
for  double-immunofluorescence  histochemistry.  Free  floating  sections 
were  blocked  in  10%  normal  donkey  serum  and  normal  goat  serum  in 
0.01  M  PBS  for  1  h.  Incubation  with  primary  antibodies  was  performed 
with  a  mouse  monoclonal  antibody  against  a-synuclein  and  an  affinity- 
purified  anti-PLDl  antibody  overnight  at  4  °C.  After  washing  in  PBS, 
the  sections  were  incubated  with  a  mixture  of  fluorescein  isothiocya- 
nate-conjugated  goat  anti-mouse  IgG  (Jackson  ImmunoResearch;  di¬ 
luted  at  1:100)  and  Cy 3 -conjugated  goat  anti-rabbit  IgG  (Jackson  Im- 
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Fig.  1.  Overexpression  of  a-synuclein  inhibits  pervanadate- 
induced  PLD  activation  in  cells.  A,  HEK  293  cells  expressing  wild- 
type  ( wt ),  A30P,  and  A53T  a-synuclein  as  well  as  vector-transfected 
cells  were  cultured  in  six-well  plates,  labeled  with  [3H]myristate,  and 
treated  with  pervanadate  (100  juM  Na3V04  and  0.5  mM  H202)  for  30 
min.  B,  vector  and  a-synuclein  HEK  293  cells  were  treated  with  per¬ 
vanadate  for  different  times.  C,  vector  and  a-synuclein  HEK  293  cells 
were  treated  with  PM  A  for  50  min.  The  radioactivity  incorporated  into 
phosphatidylbutanol  was  measured  as  described  under  “Experimental 
Procedures.”  Results  are  the  means  ±  S.D  of  three  independent  exper¬ 
iments.  *,  p  <  0.05  compared  with  PMA-treated  control  cells. 


munoResearch;  diluted  at  1:100)  for  2  h  at  room  temperature.  To  test 
the  specificity  of  immuno staining,  control  sections  were  processed  in  an 
identical  manner  but  with  the  primary  or  secondary  antibodies  omitted. 
Slides  were  viewed  using  a  confocal  microscope  (MRC-1024,  Bio-Rad). 
Images  were  converted  to  TIFF  format,  and  contrast  levels  of  images 
were  adjusted  using  Adobe  Photoshop. 

Formation  of  Eosinophilic  Inclusions — We  performed  hematoxylin 
and  eosin  (H  &  E)  staining  according  to  standard  cell  biology  tech¬ 
niques  (16,  32).  At  30  h  post-transfection,  the  co-transfected  HEK  293 
cells  were  fixed  with  3.7%  formaldehyde-PBS  buffer  for  15  min  at  room 
temperature  and  hydrated  with  distilled  water  for  10  min.  The  hy¬ 
drated  cells  were  stained  with  Mayer’s  hematoxylin  solution  (Sigma)  for 
5  min  and  washed  in  distilled  water.  Cells  were  destained  with  1%  HC1 
in  ethanol  for  30  s  and  neutralized  with  0.2%  ammonia  for  30  s.  The 
processed  cells  were  stained  with  eosin  solution  (Eosin  Y,  0.5%  aqueous 
solution,  Sigma)  for  1  min,  followed  by  washing  in  distilled  water.  The 
cells  were  dehydrated  by  rinsing  in  the  following  concentration  series  of 
ethanol,  70,  80,  and  100%,  at  room  temperature  and  then  mounted  with 
100%  glycerol.  All  cells  were  counted  in  fields  chosen  at  random  from 
five  different  circles  of  the  cell  culture  well  (all  cells  were  counted  in  five 
randomly  selected  fields  under  a  light  microscope  at  a  magnification  of 
X400).  Values  are  expressed  as  percentages  of  cells  containing  eosino¬ 
philic  protein  aggregates  with  pinkish  color  relative  to  total  cells.  Error 
bars  shown  in  this  study  represent  S.D.  derived  from  means  for  three 
independent  replicates. 


Fig.  2.  Expression  of  PLD1  in  HEK  293  cells.  Vector  or 
a-synuclein-expressing  cells  were  lysed,  and  immunoprecipitates  (IP) 
were  prepared  using  anti-PLD  or  anti-a-synuclein  ( Syn )  antibodies. 
Immunoprecipitants  were  analyzed  by  SDS-polyacrylamide  gel  electro¬ 
phoresis,  followed  by  transfer  of  proteins  to  nitrocellulose  membrane 
and  Western  blotting  (Blot)  with  anti-PLD  or  a-synuclein  (Syn)  anti¬ 
bodies.  The  results  shown  are  representative  of  three  separate 
experiments. 

Statistical  Analysis — Data  are  expressed  as  means  ±  S.D.  The  Stu¬ 
dent’s  t  test  was  used  where  appropriate.  A  probability  of p  <  0.05  was 
considered  statistically  significant. 

RESULTS 

a-Synuclein  Inhibits  Pervanadate  or  PMA-induced  PLD  Ac¬ 
tivity  in  HEK  293  Cells — To  investigate  whether  a-synuclein 
might  affect  PLD  activity  in  human  cell  lines,  we  generated  a 
line  of  293  HEK  cells  overexpressing  wild-type  (wt),  A30P,  or 
A53T  a-synuclein,  as  well  as  a  vector  transfected  control  cell 
line  (Vec).  Pervanadate,  a  complex  of  vanadate  and  hydrogen 
peroxide,  is  a  competitive  inhibitor  of  protein-tyrosine  phos¬ 
phatase  that  works  by  irreversible  oxidation  and  functions  on 
intact  cells  because  of  its  cell  permeability  (33).  Pervanadate  is 
also  known  to  stimulate  PLD  activity  (34-36).  Pervanadate 
stimulated  PLD  activity  less  in  wild-type,  A30P,  or  A53T 
a-synuclein  cell  lines  than  in  the  control  cell  line  (Fig.  L4). 
Inhibition  of  pervanadate-stimulated  PLD  activity  in 
a-synuclein  HEK  293  cells  occurred  in  a  time  dependent  man¬ 
ner,  compared  with  that  of  control  cells  (Fig.  LB).  We  also 
examined  an  effect  of  a-synuclein  on  another  activator  of  PLD, 
PMA.  PMA-induced  PLD  activation  in  cells  expressing 
a-synuclein  also  was  more  reduced,  compared  with  that  of 
control  cells  (Fig.  1C).  To  examine  the  relative  contribution  of 
PLD  protein  to  PLD  activity  in  HEK  cells,  we  investigated  the 
expression  level  of  PLD  isozymes.  By  immunoprecipitation  and 
Western  blot  analysis  using  anti-PLD  antibody,  cells  overex¬ 
pressing  wild-type  a-synuclein  or  vector-transfected  cell  line 
were  found  to  express  similar  levels  of  PLD1  (Fig.  2).  However, 
PLD2  was  not  detected  in  either  cells  (data  not  shown).  Similar 
results  were  observed  in  HEK  293  cells  stably  transfected  with 
A30P  or  A53T  (data  not  shown).  To  further  demonstrate  the 
inhibitory  effect  of  a-synuclein  on  the  PLD  activity,  we  tran¬ 
siently  co-transfected  a-synuclein  and  PLD1  or  PLD2  into  HEK 
293  cells.  Transfected  cells  were  labeled  with  [3H]myristic  acid 
and  then  either  left  untreated  or  stimulated  with  pervanadate 
(100  /xm  sodium  orthovanadate  and  0.5  mM  H202).  Cells  co¬ 
transfected  with  a-synuclein  and  PLD1  or  PLD2  showed  less 
pervanadate-induced  PLD  activation  than  cells  transfected 
with  PLD  and  vector  (Fig.  4).  These  results  demonstrate  that 
a-synuclein  inhibits  both  PLD1  and  PLD2  activation  induced 
by  pervanadate  in  mammalian  cells. 

a-Synuclein  Is  Tyrosine-phosphorylated  by  Pervanadate  in 
HEK  293  Cells — Protein-tyrosine  phosphorylation  plays  a  piv¬ 
otal  role  for  the  functional  properties  of  numorous  proteins. 
a-Synuclein  appears  to  contain  four  tyrosine  residues,  which 
are  consensus  sequences  for  tyrosine  kinase-mediated  phos¬ 
phorylation.  Recently,  it  was  reported  that  a-synuclein  is  ty- 
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Fig.  3.  Pervanadate-induced  tyrosine  phosphorylation  of 
o-synuclein  in  cells.  HEK  cells  overexpressing  wild-type  a-synuclein 
were  treated  with  pervanadate  (PV)  (100  ptM  Na3V04  and  0.5  mM  H202) 
for  20  min.  Cells  were  immunoprecipitated  with  anti-a-synuclein  or 
anti-Tyr(P)  antibody.  Resulting  immunoprecipitants  were  separated  in 
duplicates  by  SDS-PAGE  and  transferred  to  nitrocellulose  membranes 
using  anti-Tyr(P)  or  a-synuclein  {Syn)  antibodies.  The  results  shown 
are  representative  of  three  separate  experiments. 

rosine-phosphorylated  by  the  Src  family  of  protein-tyrosine 
kinases  such  as  c-Src  and  Fyn  (37).  We  investigated  tyrosine 
phosphorylation  of  u-synuclein  in  transfected  cells.  Immuno¬ 
precipitated  n-synuclein  from  either  pervanadate-treated  sta¬ 
bly  transfected  HEK  293  cells  expressing  human  n-synuclein 
was  separated  by  SDS-PAGE  in  duplicate.  Western  blot  anal¬ 
ysis  was  then  performed  with  phosphotyrosine  specific  anti¬ 
body  (4G10),  or  n-synuclein  antibody,  which  specifically  recog¬ 
nizes  n-synuclein  (Fig.  3).  The  cell  lysates  were  also 
immunoprecipitated  with  anti-phosphotyrosine  antibody  and 
then  analyzed  by  immunoblotting  with  anti-n-synuclein  anti¬ 
body.  Pervanadate  (100  pM  sodium  orthovanadate  and  0.5  mM 
H202)  induced  tyrosine  phosphorylation  of  n-synuclein. 

Effect  of  Tyrosine  Phosphorylation  State  of  a-Synuclein  on 
Pervanadate-induced  PLD  Activation — We  investigated  the  ef¬ 
fect  of  the  tyrosine  phosphorylation  state  of  n-synuclein  on 
pervanadate-induced  PLD  activity  by  mutating  each  of  the 
tyrosines  in  n-synuclein.  Mutation  of  Tyr125  to  Phe  was  the 
only  tyrosine  mutation  to  alter  the  activity  of  n-synuclein.  This 
reduced  tyrosine  phosphorylation  to  —5%  of  the  wild-type  con¬ 
trol,  whereas  other  single  amino  acid  changes  do  not  change 
tyrosine  phosphorylation  significantly.  Next,  we  examined  the 
effect  of  tyrosine  phosphorylation  state  on  the  ability  of 
n-synuclein  to  inhibit  PLD  activity.  The  cells  were  co-trans- 
fected  with  PLD1  or  PLD2  along  with  the  Y125F  mutant  con¬ 
struct  or  wild-type  control  n-synuclein.  After  co-transfection, 
cells  were  trated  with  or  without  pervanadate  (100  pM  Na3V04 
and  500  pM  H202).  Mutation  of  Tyr125  to  Phe  slightly  increased 
the  inhibitory  effect  of  n-synuclein  on  pervanadate-induced 
PLD  activity.  (Fig.  4A).  The  expression  level  of  PLDs  or 
n-synuclein  was  similar  in  these  transfection  experiment  (Fig. 
4 B).  Thus,  the  tyrosine  phosphorylation  state  of  n-synuclein 
appears  to  modulate  PLD  activity. 

a-Synuclein  Associates  with  PLD1  and  PKCa — To  explore 
the  significance  of  this  inhibition,  we  examined  whether 
n-synuclein  interacts  with  PLD  isozymes.  HEK  293  cells  over- 
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Fig.  4.  Effect  of  tyrosine  phosphorylation  state  of  a-synuclein 
on  pervanadate-induced  PLD  activation.  A,  HEK  293  cells  were 
transiently  transfected  with  various  constructs  and  labeled  with 
[3H]myristic  acid  for  18  h.  The  cells  were  treated  with  or  without 
pervanadate  (100  pM  Na3V04  and  0.5  mM  H202)  for  30  min  in  the 
presence  of  0.3%  1 -butanol.  The  radioactivity  incorporated  into  phos- 
phatidylbutanol  was  measured  as  described  under  “Experimental  Pro¬ 
cedures.”  Results  are  the  means  ±  S.D  of  three  independent  experi¬ 
ments.  *,p  <  0.05  compared  with  cells  co-transfected  with  a-synuclein 
(: wt )  and  PLD1  or  PLD2  and  treated  with  pervanadate.  B,  the  lysates 
from  the  HEK  293  cells  used  in  the  experiments  were  analyzed  by 
Western  blotting  as  described  under  “Experimental  Procedures.” 


expressing  n-synuclein  were  treated  for  20  min  with  or  without 
pervanadate.  The  lysates  were  immunoprecipitated  with  anti- 
PLD  antibody,  and  the  precipitates  were  probed  with  mono¬ 
clonal  anti-n-synuclein  antibody  (Fig.  5A).  The  presence  of 
n-synuclein  in  the  PLD  immune  complex  was  apparent.  In  a 
reciprocal  experiment,  n-synuclein  was  immunoprecipitated  by 
antibody  to  n-synuclein.  Subsequent  immunoblotting  with  the 
anti-PLDl  revealed  PLD1  expression  (Fig.  5A).  Interestingly, 
n-synuclein  was  constitutively  associated  with  PLD1.  Further- 
emore,  both  n-synuclein  and  PLD1  proteins  were  associated 
with  PKCn  in  cells  overexpressing  u-synuclein  (Fig.  5,  B  and 
C).  u-Synuclein  was  also  associated  with  PLD2  in  co-transfec- 
tion  experiments  (Fig.  5 D).  Interestingly,  pervanadate  did  not 
alter  the  interaction  of  n-synuclein  with  PKCn  or  PLD.  To 
examine  whether  the  effect  of  n-synuclein  on  PLD  is  specific, 
we  investigated  the  effect  of  u-synuclein  on  the  activity  of  other 
lipid  modifying  enzyme  and  their  interaction  (Fig.  6).  Pervana¬ 
date  induced  an  increase  in  PLC  activity  in  the  HEK  293  cells, 
but  u-synuclein  did  not  affect  PLC  activity  (Fig.  6A)  and  did  not 
associate  with  PLC-/31  (Fig.  6B)  in  cells  overexpressing 
u-synuclein,  suggesting  that  the  effect  of  u-synuclein  on  PLD  is 
specific. 

Amphipathic  Repeat  Region  and  NAC  Domain  of  a-Synuclein 
Is  Involved  in  the  Interaction  with  PLD1 — To  map  the  region  on 
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Fig.  6.  a-Synuclein  does  neither  affect  PLC  activity  nor  inter¬ 
act  with  the  enzyme.  A,  subconfluent,  quiescent  cells  were  labeled 
with  2  piCi/ml  rayo-[2-3H]  inositol  in  inositol-free  DMEM  for  20  h  and 
then  stimulated  with  pervanadate  (100  juM  Na3V04  and  0.5  mM  H202) 
for  50  min  in  the  presence  of  20  mM  LiCl,  and  total  inositol  phosphates 
were  measured  as  described  under  “Experimental  Procedures.”  Results 
are  the  means  ±  S.D  of  three  independent  experiments.  B,  the  cells 
were  then  lysed,  and  immunoprecipitates  (IP)  were  prepared  using 
anti-PLC/31  or  anti-a-synuclein  (Syn)  antibody.  The  immunoprecipi¬ 
tates  were  then  subjected  to  Western  blotting  (Blot)  with  anti-PLC/31  or 
anti-u-synuclein  (Syn).  The  blots  shown  are  representative  of  three 
independent  experiments. 
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Fig.  5.  Interaction  of  a-synuclein  with  PLD  and  PKCa.  A-C, 
HEK  293  cells  expressing  a-synuclein  were  stimulated  without  or  with 
pervanadate  (PV)  (100  pM  Na3V04  and  0.5  mM  H202)  for  20  min.  The 
cells  were  then  lysed,  and  immunoprecipitates  (IP)  were  prepared  using 
anti-PLD,  anti- a-synuclein  (Syn),  or  anti-PKCa  antibody.  The  immu¬ 
noprecipitates  were  analyzed  by  SDS-polyacrylamide  gel  electrophore¬ 
sis,  followed  by  transfer  of  proteins  to  nitrocellulose  membranes  and 
Western  blotting  (Blot)  with  anti-PLD,  anti- a-synuclein  (Syn),  or  anti- 
PKCa  antibodies.  D,  HEK  293  cells  were  transiently  transfected  with 
the  empty  vector  (lane  1),  PLD1  and  a-synuclein  (lane  2),  or  PLD2  and 
a-synuclein  (lane  3).  After  immunoprecipitation  with  the  anti-PLD  or 
anti- a-synuclein  antibody,  the  immunoprecipitates  were  then  immuno- 
blotted  with  anti-a-synuclein  or  anti-PLD  antibody.  “ Mock ”  represents 
a  mock-precipitated  control.  The  blots  shown  are  representative  of 
three  independent  experiments. 


the  a-synuclein  protein  that  is  responsible  for  the  interaction 
with  PLD1,  we  prepared  GST-fused  human  a-synuclein  pro¬ 
tein,  GST-Syn-whole  (amino  acid  residues  1-140),  GST-Syn-N 
(amino  acid  residues  1-60),  GST-Syn-NAC  (amino  acid  resi¬ 


dues  61-95),  and  GST-Syn-C  (amino  acid  residues  96-140)  and 
used  them  in  in  vitro  binding  experiments.  As  shown  in  Fig.  7, 
the  GST-Syn-N  and  GST-Syn-NAC  containing  the  amphipathic 
repeat  region  and  the  NAC  domain,  respectively,  precipitated 
PLD1  from  rat  brain  lysates.  Thus,  these  data  suggest  that  the 
amphipathic  repeat  region  and  the  NAC  domain  might  be 
involved  in  the  interaction  with  PLD1. 

a-Synuclein  Associates  with  a  Region  (Amino  Acids  1-331 )  of 
PLD1 — Next,  we  analyzed  the  interaction  site(s)  of  PLD1  with 
a-synuclein.  To  identify  the  PLD1  sequence  involved  in  the 
a-synuclein  binding,  we  constructed  the  GST  fusion  proteins 
shown  in  Fig.  8A.  The  lysates  from  rat  brain  were  precipitated 
with  GST-PLD1  fragments  (Fig.  SB)  and  analyzed  by  Western 
blotting  with  anti-a-synuclein  antibody.  GST-PLD1  (amino 
acid  1-331)  was  found  to  be  the  region  that  most  potently 
bound  to  a-synuclein.  It  appears,  therefore,  that  the  region 
between  amino  acids  1  and  331  containing  the  phox  and  pleck- 
strin  homology  domains  may  be  important  for  the  interaction 
with  a-synuclein. 

Interaction  of  PLD  1  with  the  a-Synuclein  in  Rat  Brain — As 
with  HEK  293  cells  overexpressing  a-synuclein,  we  found  that 
in  rat  brain  tissues,  PLD1  co-precipitates  with  endogeneous 
a-synuclein  by  using  a  co-immunoprecipitation  method  on  rat 
brain  (Fig.  9A).  We  tried  to  further  check  whether  PLD1  co¬ 
localized  with  a-synuclein.  Recently,  we  reported  endogeneous 
PLD1  expression  in  neurons  of  the  substantia  nigra  par  com¬ 
pact  (28),  which  are  affected  in  PD.  Expression  of  a-synuclein 
has  been  also  reported  in  these  neurons  (38,  39).  Therefore,  rat 
brain  sections  were  double-immunolabeled  with  anti-PLD  1  and 
anti-a-synuclein  antibodies  to  identify  the  co-localization  of 
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Fig.  7.  Amphipathic  repeat  region  and  NAC  domain  of 
o-synuclein  interact  with  PLD1.  a-Synuclein  was  fragmented  into 
individual  domains  consisting  of  NH2  terminus  (1-60),  NAC  (61-95), 
COOH  terminus  (96-140).  The  fragments  and  whole  protein  were 
cloned  as  GST  fusion  proteins,  expressed  in  E.  coli,  and  purified  using 
glutathione-Sepharose  beads.  Equal  amounts  (1  mg)  of  GST  or  GST 
fusion  proteins  (GST-Syn  fragment)  were  incubated  with  rat  brain 
extract  as  described  under  “Experimental  Procedures.”  The  precipi¬ 
tated  proteins  were  subjected  to  immunoblot  analysis  using  antibody 
against  PLD1  ( upper  panel).  The  amount  of  the  GST  fusion  protein  was 
visualized  by  Western  blotting  using  anti-GST  antibody  ( lower  panel). 
The  results  shown  are  representative  of  three  separate  experiments. 
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Fig.  8.  a-Synuclein  associates  with  phox  and  pleckstrin  ho¬ 
mology  domains  of  PLD1.  A,  a  schematic  representation  of  the  struc¬ 
ture  of  PLD1  is  shown  on  the  top.  The  possible  functions  of  each  box 
have  been  proposed  or  demonstrated  in  Ref.  24.  Boxes  are  the  regions  of 
highly  conserved  sequences  in  PLD.  PX,  phox  domain;  PH,  pleckstrin 
homology-like  domain;  I-IV,  conserved  regions  in  the  PLD  family  (24). 
loop,  loop  region,  CT,  COOH  terminus.  B,  equal  amounts  (1  mg)  of  GST 
or  GST  fusion  proteins  (GST-PLD1  fragments,  F1-F7)  were  incubated 
with  rat  brain  extract  as  described  under  “Experimental  Procedures.” 
The  precipitated  proteins  were  subjected  to  immunoblot  analysis  using 
antibody  against  a-synuclein  ( upper  panel).  The  amount  of  the  GST 
fusion  protein  was  visualized  by  Western  blotting  using  anti-GST  an¬ 
tibody  ( lower  panel).  The  results  shown  are  representative  of  three 
separate  experiments. 
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Fig.  9.  Interaction  of  PLD1  with  a-synuclein  in  rat  brain.  A, 

a-synuclein  and  PLD  was  co-immunoprecipitated  from  rat  brain  lysates 
using  antibody  to  PLD  or  a-synuclein.  The  resulting  immunoprecipi- 
tates  were  immunoblotted  with  antibodies  to  a-synuclein  or  PLD.  Mock 
represents  a  mock-precipitated  control.  B,  Cy3-labeled,  PLD1  immuno- 
reactive  cells  and  fluorescein  isothiocyanate-labeled,  a-synuclein  im- 
munoreactive  cells  in  the  neuron  of  the  substantia  nigra  pars  compacta 
were  visualized  with  confocal  microscopy.  Superimposed  images  display 
the  co-localization  of,  respectively,  PLDl-labeled  and  a-synuclein-la- 
beled  neurons  in  the  substantia  nigra  pars  compacta.  Scale  bars:  50  jam. 
The  results  shown  are  representative  of  two  separative  experiments. 

with  PLD1  immunoreactivity  (Fig.  9 B).  Taken  together,  these 
results  suggest  that  regulation  of  PLD  by  n-synuclein  might 
occur  through  in  vivo  interaction. 

Quantification  of  Eosinophilic  Inclusions — Since  n-synuclein 
was  observed  to  interact  with  both  PLD1  and  PLD2,  we  as¬ 
sessed  their  functional  significance  in  terms  of  the  formation  of 
intracellular  cytoplasmic  inclusions,  which  is  pathological 
characteristics  of  PD  (8,  9,  40,  41).  The  morphological  compo¬ 
sition  of  cells  was  determined  by  hematoxylin  and  eosin 
(H  &  E)  staining  to  evaluate  the  formation  of  inclusion  bodies 
in  cells  transfected  with  both  PLD  and  u-synuclein  proteins 
(Fig.  10A).  Consistent  with  the  previous  result,  we  observed 
that  —6%  cells  out  of  total  cell  numbers  had  eosinophilic  inclu¬ 
sion  bodies  in  cytoplasm  when  HEK  293  cells  were  co-trans- 
fected  with  constructs  encoding  NAC  and  full-length  synphi- 
lin-1,  which  were  used  as  a  positive  control  (Fig.  105)  (16).  The 
percentage  of  cells  that  develop  inclusion  bodies  is  —10-20%, 
out  of  cells  expressing  both  NAC  and  synphilin-1  based  on  a 
transfection  efficiency  of  30-40%,  which  was  calculated  using 
a  green  fluorescent  protein  reporter  plasmid.  In  contrast,  cells 
co-transfected  constructs  encoding  NAC  and  PLD1  or  NAC  and 
PLD2  exhibited  only  —1-2%  of  eosinophilic  inclusion  bodies 
(Fig.  105).  In  addition,  cells  co-expressing  u-synuclein  and 
PLD1  or  PLD2  revealed  same  effect  that  was  observed  in  cells 
co-exprexressing  NAC  and  PLDs  (data  not  shown).  This  is 
similar  to  the  results  that  were  obtained  from  cells  expressing 
any  protein  alone,  such  as  NAC,  u-synuclein,  PLD1,  or  PLD2 
protein.  These  results  suggest  that  the  specific  interaction  be¬ 
tween  PLDs  and  u-synuclein  might  not  be  an  essential  feature 
in  the  formation  of  inclusion  bodies  in  mammalian  cells. 


u-synuclein  with  PLD1  in  the  same  neuron.  Examination  with 
confocal  microscopy  revealed  that  all  u-synuclein  immunoreac- 
tive  neurons  in  the  substantia  nigra  pars  compacta  co-localized 


DISCUSSION 

We  demonstrate  for  the  first  time  that  u-synuclein  binds  to 
both  PLD1  and  PLD2  and  inhibits  its  enzymatic  activity  in 
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Fig.  10.  Formation  of  eosinophilic 
cytoplasmic  inclusion  bodies.  A,  HEK 

293  cells  co-transfected  with  constructs 
encoding  NAC  (amino  acids  61-95  of 
a-synuclein)  and  full-length  synphilin-1 
develop  cytoplasmic  eosinophilic  inclu¬ 
sions  when  stained  with  H  &  E.  The  in¬ 
clusions  were  hardly  detected  in  cells  co¬ 
transfected  with  constructs  encoding 
NAC  plus  PLD1  or  NAC  plus  PLD2.  B, 
quantification  of  eosinophilic  inclusion 
formation  in  HEK  293  cells  transfected 
with  various  constructs.  Approximately 
6%  of  cells  co-transfected  with  constructs 
encoding  NAC  and  synphilin-1  co- stained 
eosinophilic  inclusions,  whereas  co-trans- 
fection  of  constructs  encoding  NAC  and 
PLD1  or  PLD2  resulted  in  the  formation 
of  less  than  1%  of  eosinophilic  inclusion. 
Values  are  expressed  as  percentages  of 
cells  containing  eosinophilic  protein  ag¬ 
gregates  with  pinkish  color  relative  to  to¬ 
tal  cells.  Results  are  the  means  ±  S.D  of 
three  independent  experiments. 
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human  cell  lines.  n-Synuclein  has  been  implicated  in  Parkin¬ 
son’s  and  Alzheimer’s  disease.  It  is  of  great  interest  to  deter¬ 
mine  the  specific  function(s)  of  n-synuclein  because  of  its  po¬ 
tential  importance  in  the  pathogenesis  of  these  diseases.  The 
link  between  n-synuclein  and  PLD  appears  to  be  particularly 
intriguing,  because  n-synuclein  inhibits  PLD2  activity  in  vitro 
(20),  and  PLD  activity  was  significantly  increased  in  in  Alzhei¬ 
mer’s  disease  brain  tissues  as  compared  with  control  tissues 
(42).  Recently,  we  confirmed  the  increase  in  PLD1  protein  in 
AD  brain  and  also  observed  that  PLD  co-localized  with  /3-amy¬ 
loid  (data  not  shown).  Taken  together,  these  results  suggest 
that  modulation  of  PLD  by  n-synuclein  might  play  a  role  in 
some  aspects  of  the  pathophysiology  of  neurodegenerative  dis¬ 
eases.  Further  investigations  of  the  regulation  of  PLD  by 
n-synuclein  could  provide  valuable  insights  into  the  role  of 
these  proteins  play  in  normal  and  pathological  conditions. 

To  investigate  this  issue,  we  examined  the  regulation  of  PLD 
by  u-synuclein  in  HEK  293  cells  overexpressing  u-synuclein. 
Pervanadate  or  PMA-stimulated  PLD  activation  was  decreased 
in  cells  overexpressing  n-synuclein,  compared  with  that  of  vec¬ 
tor-transfected  cells.  Cells  overexpressing  Ala53  — »  Thr  (A53T) 


and  Ala30  — >  Pro  (A3 OP)  mutant  n-synuclein,  which  have  been 
associated  with  familial  forms  of  PD,  showed  greater  inhibition 
of  PLD  than  vector-transfected  cells.  By  immunoprecipitation 
and  Western  blot  analysis  using  an  anti-PLD  antibody,  the 
HEK  293  cells  were  found  to  express  similar  levels  of  —  120- 
kDa  PLD1  protein.  However,  the  105-kDa  PLD2  protein  was 
not  detected  in  any  of  the  cell  lines,  indicating  that  the  PLD 
activity  shown  in  these  cells  is  due  to  mainly  to  PLD1.  Using  in 
vitro  studies,  u-synuclein  has  been  reported  to  inhibit  PLD2 
activity  more  potently  than  PLD1  activity  (20).  However,  we 
found  that  in  co-transfection  experiments,  u-synuclein  inhib¬ 
ited  pervanadate-stimulated  PLD  activity.  This  suggests  that 
u-synuclein  can  inhibit  both  forms  of  PLD.  The  ability  of 
u-synuclein  to  inhibit  PLD1  in  cells  might  reflect  differences 
between  in  vitro  and  in  vivo  environments.  Recently, 
n-synuclein  was  reported  to  inhibit  PKC  activity  in  HEK  293 
cells  (15),  which  could  contribute  to  the  inhibition  of  PLD 
activity.  Inhibition  of  PKC  by  u-synuclein  could  contribute  to 
the  decrease  in  pervanadate-induced  PLD  activation  in  cells 
overexpressing  n-synuclein.  However,  it  is  possible  that  this 
inhibition  might  also  result  from  a  direct  interaction  between 
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PLD  and  u-synuclein.  Here  we  demonstrated  that  cn-synuclein 
is  constitutively  associated  with  PLD1  in  cells,  and  n-synuclein 
forms  a  triple  complex  with  PLD  and  PKCn  in  a  ligand-inde¬ 
pendent  manner.  The  association  between  n-synuclein  and 
PKC  is  consistent  with  prior  results  observed  by  Ostrerova  and 
colleagues  (15).  We  also  demonstrated  that  n-synuclein  associ¬ 
ates  with  PLD2  in  co-transfected  cells.  We  found  that 
n-synuclein  co-immunoprecipitated  with  endogeneous  PLD 
from  rat  brain  tissue  and  is  co-localized  with  PLD  in  neurons  in 
the  substantia  nigra  pars  compacta  of  rat  brain,  indicating  that 
these  two  proteins  interact  in  vivo.  The  PLD1  binding  site  in 
n-synuclein  resides  in  the  amino  acid  residues  1-95  containing 
6  or  7  conserved  repeats  with  the  consensus  core  sequence 
KTKEGV. 

n-Synuclein  has  been  shown  to  interact  with  phospholipids. 
This  interaction  is  also  facilitated  mainly  by  a  conserved  NH2- 
terminal  95  residues,  which  changes  its  structure  from  “unfold¬ 
ed”  to  n-helical  upon  binding  to  lipids  (12).  Because  of 
u-synucleins  ability  to  interact  with  lipids  and  their  association 
with  synaptic  vesicles,  it  has  been  suggested  that  synucleins 
might  be  involved  in  intracellular  vesicular  trafficking  (43). 
Tau  interacts  with  the  acidic  COOH-terminal  region  (residues 
89-140)  of  u-synuclein  through  its  microtubule-binding  do¬ 
main.  This  opens  the  possibility  that  n-synuclein  might  have  a 
bridging  functions  that  might  serve  to  bring  different  classes  of 
ligands  together.  n-Synuclein  binds  to  a  region  between  amino 
acids  1  and  331  of  PLD1.  This  region  contains  the  NH2-termi- 
nal  pleckstrin  homology  and  phox  domains,  which  are  known  to 
be  involved  in  protein-protein  interaction  as  well  as  binding  of 
phospholipids  (44).  The  interaction  sites  of  PLD2  with 
n-synuclein  showed  similar  patterns  as  with  PLD1  (data  not 
shown).  n-Synuclein  did  not  affect  the  activity  of  PLC  and  other 
lipid-modifying  enzymes  and  did  not  associate  with  PLC-/31  in 
cells  overexpressing  n-synuclein,  suggesting  that  the  effect  of 
n-synuclein  on  PLD  is  specific. 

Protein-tyrosine  phosphorylation  is  thought  to  be  important 
in  regulating  synaptic  function  and  plasticity  (45,  46).  It  was 
reported  recently  that  n-synuclein  can  be  tyrosine-phosphoryl- 
ated  by  the  Src  family  tyrosine  kinase  in  a  co-transfection 
experiment  and  in  vitro  using  purified  kinases  (37).  This  tyro¬ 
sine  phosphorylation  occurs  primarily  on  tyrosine  125.  It  is 
difficult  to  speculate  on  the  functional  consequences  of  tyrosine 
phosphorylation  of  n-synuclein,  because  its  normal  function 
has  not  been  elucidated  definitively.  The  putative  role  of 
u-synuclein  in  regulating  intracellular  vesicular  trafficking 
and  signaling  appears  particularly  interesting.  Mice  lacking 
n-synuclein  show  abnormal  dopamine  release  (47).  n-Synuclein 
exists  in  the  cytoplasm  in  presynaptic  neurons,  but  is  also 
loosely  associated  with  synaptic  vesicles  (48).  Covalent  modifi¬ 
cation,  such  as  phosphorylation,  is  a  likely  candidate  for  regu¬ 
lation  of  n-synuclein  at  the  synapse,  and  covalent  modification 
could  be  important  in  modulating  its  function.  Although  the 
functional  consequences  of  phosphorylation  of  the  tyrosine  125 
residue  of  u-synuclein  remain  to  be  elucidated,  tyrosine  phos¬ 
phorylation  could  regulate  the  ability  of  n-synuclein  to  bind 
synaptic  vesicles  and  thereby  regulate  protein-protein  interac¬ 
tions.  Here  we  demonstrate  that  the  phosphorylation  state  of 
tyrosine  125  of  n-synuclein  modulates  the  activity  of  PLD.  A 
mutation  Tyr125  to  Phe  in  u-synuclein  (Y125F)  that  mimics 
dephosphorylation  increases  the  ability  of  n-synuclein  to  in¬ 
hibit  pervanadate-induced  PLD  activation.  This  regulatory 
axis  could  affect  exocytosis,  because  PLD  is  thought  to  be  an 
important  component  of  the  exocytotic  machinery  (49). 

The  discovery  of  abnormal  protein  aggregates  or  accumula¬ 
tion  has  been  described  in  a  number  of  neurodegenerative 
diseases.  We  tried  to  investigate  that  the  interaction  between 


n-synuclein  and  PLD  isozymes  has  a  role  in  inclusion  body 
formation  in  PD.  Recently,  it  was  reported  that  when  con¬ 
structs  encoding  portions  of  n-synuclein  and  synphilin-1  are 
co-transfected  in  mammalian  cells,  the  cells  formed  eosino¬ 
philic  cytosolic  inclusions  resembling  the  Lewy  bodies  of  PD 
(16).  Although  n-synuclein  aggregates  by  itself  in  vitro ,  it  may 
be  that  aggregation  in  vivo  is  facilitated  by  an  associated  pro¬ 
tein  such  as  synphilin-1.  When  constructs  encoding  synphilin-1 
and  full-length  n-synuclein  or  the  non-A/3  component  AD  amy¬ 
loid  (NAC)  portion  of  n-synuclein  were  co-transfected,  we  ob¬ 
served  that  —6%  of  cells  had  cytosolic  phase-dense  inclusions. 
Cytosolic  inclusions  were  eosinophilic  when  stained  with 
H  &  E.  In  contrast,  when  constructs  encoding  PLD  isozyme 
(PLD1  or  PLD2)  were  co-transfected  along  with  n-synuclein  or 
NAC,  only  —1-2%  of  cells  had  eosinophilic  inclusions,  which  is 
similar  to  that  present  in  control  cells.  Thus,  our  data  suggest 
that  PLD  isozymes  may  not  modulate  u-synuclein  aggregation. 

In  summary,  our  study  suggests  that  n-synuclein  modulates 
the  activity  of  PLD  by  protein-protein  interactions,  but  this 
interaction  might  not  be  involved  in  regulation  of  the  formation 
of  cytoplasmic  inclusion  bodies  in  mammalian  cells.  However, 
we  cannot  rule  out  the  possibility  that  PLD  does  modulate 
u-synuclein  aggregation  in  the  brain,  because  the  environment 
of  HEK  293  cells  differs  from  that  of  the  aged  human  brain. 
Although  the  function  of  both  n-synuclein  and  PLD  remains 
largely  unknown,  identification  of  binding  partners  and  exam¬ 
ination  of  how  and  where  the  complexes  form  in  the  cell  provide 
important  tools  for  understanding  the  physiology  of  PD. 
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Abstract 

Mutations  in  parkin  are  associated  with  various  inherited  forms  of  Parkinson’s  disease  (PD).  Parkin  is  a  ubiquitin  ligase  enzyme  that 
catalyzes  the  covalent  attachment  of  ubiquitin  moieties  onto  substrate  proteins  destined  for  proteasomal  degradation.  The  substrates  of 
parkin-mediated  ubiquitination  have  yet  to  be  completely  identified.  Using  a  yeast  two-hybrid  screen,  we  isolated  the  septin,  human 
SEPT5  v2  (also  known  as  cell  division  control-related  protein  2),  as  a  putative  parkin-binding  protein.  SEPT5  v2  is  highly  homologous  to 
another  septin,  SEPT5,  which  was  recently  identified  as  a  target  for  parkin-mediated  ubiquitination.  SEPT5  v2  binds  to  parkin  at  the 
amino  terminus  and  in  the  ring  finger  domains.  Several  lines  of  evidence  have  validated  the  putative  link  between  parkin  and  SEPT5  v2. 
Parkin  co-precipitates  with  SEPT5  v2  from  human  substantia  nigra  lysates.  Parkin  ubiquitinates  SEPT5_v2  in  vitro,  and  both  SEPT5  vl 
and  SEPT5  v2  accumulate  in  brains  of  patients  with  ARJP,  suggesting  that  parkin  is  essential  for  the  normal  metabolism  of  these  proteins. 
These  findings  suggest  that  an  important  relationship  exists  between  parkin  and  septins. 

©  2003  Elsevier  B.V.  All  rights  reserved. 

Theme:  Disorders  of  the  nervous  system 

Topic:  Degenerative  disease:  Parkinson’s 

Keywords:  Ubiquitination;  Parkinson’s  disease;  Lewy  body;  Ubiquitin  proteasomal  system;  Autosomal  recessive  juvenile  Parkinsonism;  Substantia  nigra; 
Dopamine;  Dopaminergic  neuron 


1.  Introduction 

Parkinson’s  disease  (PD)  is  the  most  common  neurode- 
generative  movement  disorder  [21].  It  is  characterized  by  a 
classic  group  of  symptoms:  rigidity,  resting  state  tremor, 


Abbreviations:  ARJP,  autosomal  recessive  Juvenile  Parkinsonism;  PD, 
Parkinson’s  disease;  SEPT5,  cdc-rell,  cell  division  control-related  protein 
1;  SEPT5  v2,  SEPT5  v2,  cell  division  control-related  protein  2;  UbcH, 
ubiquitin  conjugating  enzyme 
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bradykinesia,  and  postural  instability.  Death  of  dopa¬ 
minergic  neurons  in  the  substantia  nigra  with  resultant 
severe  dopamine  depletion  in  the  neostriatum  is  believed  to 
underlie  the  motor  symptoms  of  PD  [21].  The  cause  of  this 
neuronal  degeneration  is  unknown.  Recently,  several  genes 
have  been  identified  to  be  associated  with  familial  parkin¬ 
sonism:  a-synuclein,  ubiquitin  carboxy-terminal  hydrolase 
LI  (UCH-L1),  DJ-1,  Nurrl  and  parkin  [3,10,18,20,22, 
25,29].  Mutations  in  a-synuclein  (A53T  and  A30P)  are 
associated  with  rare  cases  of  autosomal  dominant  parkin¬ 
sonism  [20,29].  An  I93M  missense  mutation  in  the 
ubiquitin  C-terminal  hydrolase,  UCH-L1,  a  thiol  protease 
deubiquitinating  enzyme,  has  been  identified  in  a  German 
family  with  a  history  of  familial  PD  [23].  Mutations  in 
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DJ-1  are  associated  with  an  early  onset,  autosomal  reces¬ 
sive  form  of  PD,  while  parkin  is  associated  with  autosomal 
recessive  juvenile  parkinsonism  (ARJP)  [3,18].  Mutations 
in  Nurrl,  an  orphan  nuclear  receptor  that  is  essential  for 
the  development  of  dopamine  neurons,  are  associated  with 
familial  PD  [22].  The  most  common  mutations  associated 
with  Parkinsonism  are  mutations  in  parkin ,  including 
deletion  and  point  mutations,  which  occur  in  many 
families  affected  by  ARJP.  The  association  of  mutations  in 
parkin  with  ARJP  implicates  parkin  mutations  in  the 
etiology  of  familial  parkinsonism  [1,24,25].  In  the  most 
comprehensive  genetic  study  to  date  by  Lucking  et  al.,  36 
of  73  (49%)  families  with  histories  of  early  onset  PD  all 
had  mutations  in  parkin  that  segregated  with  the  disease 
[25].  In  addition,  mutations  in  parkin  have  also  been 
recently  linked  to  forms  of  adult-onset  parkinsonism 
clinically  indistinguishable  from  sporadic,  non-inherited 
PD  [8,19].  Thus,  mutations  in  parkin  are  by  far  the  most 
prevalent  cause  of  inherited  PD  discovered  to  date. 

The  parkin  structure  contains  a  C-terminal  RING-IBR- 
RING  construct  and  an  N-terminal  region  with  homology 
to  ubiquitin  [18,31].  Recently,  parkin  was  shown  to 
possess  ubiquitin  ligase  (E3)  activity  that  catalyzes  the 
covalent  attachment  of  ubiquitin  onto  proteins  targeted  for 
degradation  by  the  26S  proteasome  [14,31,35].  Ubiquitina- 
tion  of  proteins  is  thought  to  occur  by  action  of  a  complex 
that  includes  E3  ligases,  such  as  parkin,  and  ubiquitin 
conjugating  enzymes  (termed  either  UbcH  or  E2).  Nine 
human  UbcH  enzymes  have  been  identified  to  date,  and 
parkin  has  been  shown  to  associate  with  UbcH7  and 
UbcH 8,  via  the  RING-IBR-RING  domain  of  parkin. 
Intense  research  has  focused  on  identifying  proteins  that 
bind  parkin  and  are  ubiquitinated  by  parkin.  Several 
parkin-binding  proteins  have  been  identified  to  date:  cell 
division  control-related  protein  1,  a-synuclein,  Pael-R, 
Synphilin-1  and  CHIP  [6,13,14,32,36].  SEPT5  is  a 
member  of  the  septin  family  of  proteins,  which  have  roles 
in  exocytosis  and  cell  division  [2].  Other  septins  include 
Nedd5,  H5,  Diff6,  and  SEPT5_v2  [2,17].  Wild-type  parkin, 
but  not  mutant  or  truncated  forms  of  parkin,  increases 
SEPT5  vl  turnover  in  vitro,  suggesting  a  central  role  of 
parkin  in  SEPT5  vl  regulation  [36].  Parkin  has  also  been 
shown  to  control  the  turnover  of  SEPT5  vl  and  the  Pael 
receptor  (Pael-R)  [14,36].  The  interaction  of  parkin  with 
CHIP  suggests  that  it  operates  in  the  endoplasmic  re¬ 
ticulum  as  part  of  the  unfolded  protein  response  [13,15]. 
We  now  report  the  identification  of  another  parkin-binding 
protein,  SEPT5  v2.  Parkin  ubiquitinates  SEPT5  v2,  and 
SEPT5  v2  steady  state  levels  are  increased  in  brains  of 
patients  with  ARJP  or  in  cells  lacking  parkin. 

2.  Materials  and  methods 

2.1.  Human  brain  samples 

Post-mortem  brain  tissues  were  obtained  from  the 


Loyola  University  Chicago  Brain  Bank  and  from  the  Rush 
University  Brain  Bank.  Paraffin-embedded  tissues  used  for 
immunohistochemical  analyses  were  treated  with  10% 
buffered  formalin.  Human  substantia  nigra  sections  from 
PD  cases  and  age-matched,  neurologically  normal  controls 
were  examined  in  this  study.  The  ages  and  post-mortem 
interval  of  all  the  brains  used  are  shown  in  Table  1.  The 
mean  ages  and  PMI  of  the  control  brains  were  73.5 ±5.7 
years  and  7. 6 ±1.8  h,  while  the  means  ages  and  post¬ 
mortem  interval  of  the  PD  brains  were  68. 4 ±1.4  years  and 
7.0±1.1  h. 

Paraffin-embedded  brain  sections  were  deparaffinized  by 
incubation  at  65  °C  for  45  min.  Sections  were  subsequently 
treated  with  three  changes  in  xylene,  10  min  each,  then  3 
min  each  in  100%  ethanol,  95%  ethanol,  and  70%  ethanol. 
Sections  were  then  washed  for  5  min  in  ddH20,  placed  in 
fresh  ddH20,  and  autoclaved  for  15  min  at  121  °C.  After 
slides  cooled  to  room  temperature,  they  were  washed  in 
0.05  M  PBS,  pH  7.4,  for  20  min,  blocked  in  10%  FBS/ 
PBS  for  20  min,  and  incubated  at  4  °C  overnight  in 
primary  antibodies.  This  was  followed  by  three  10-min 
washes  in  PBS,  incubation  with  Cy2-  and  Cy 3 -tagged 
fluorescent  antibodies  (Jackson  Immuno.)  for  3  h  at  room 
temperature,  and  three  10-min  washes  in  PBS.  Slides  were 
then  dehydrated  through  ethanol,  mounted  with  Depex,  and 
cover-slipped. 

2.2.  Immunoblotting 

For  immunoblot  analyses,  protein  gel  loading  buffer  was 
added  to  30  p,g  of  total  protein  lysate  per  lane  and  resolved 
by  12%  polyacrylamide  gel  electrophoresis.  Protein  bands 
were  transferred  to  nitrocellulose  matrix  (Gibco/BRL)  at 
4  °C,  250  mA,  for  10  h.  Following  blocking  in  5%  milk/ 
tris-buffered  saline  plus  0.01%  triton  X-100  for  1  h  at 
room  temperature,  blots  were  incubated  with  primary 
antibody  overnight  at  4  °C.  Blots  were  then  washed  three 
times,  10  min  each  in  tris-buffered  saline  plus  0.01%  triton 
X-100,  and  incubated  in  biotinylated  secondary  antibody 
for  3  h  at  room  temperature,  washed  again,  and  developed 
by  chemiluminescence  (DuPont). 

Table  1 


Brain  samples 


Case 

PMI 

Age 

Sex 

Diagnosis 

1 

5 

64 

M 

Control 

2 

10.5 

64 

F 

Control 

3 

11 

79 

F 

Control 

4 

4 

87 

M 

Control 

5 

5 

64 

F 

PD 

6 

6 

68 

M 

PD 

7 

4.5 

72 

M 

PD 

8 

10 

67 

F 

PD 

9 

9.5 

71 

M 

PD 

10 

10 

65  (17) 

ARJP  exon  3  deletion 

11 

18 

62  (24) 

ARJP  exon  4  deletion 

12 

9 

52(14) 

ARJP  exon  4  deletion 

13 

10 

68  (33) 

ARJP  exon  3  deletion 
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2.3.  Antibodies 

Park-1  polyclonal  antibody  (Southwest  Immunology) 
was  raised  in  goat,  against  an  immunogen  that  corresponds 
to  amino  acids  83-97  of  the  N-terminus  of  the  human 
parkin  protein.  Park-2  polyclonal  antibody  (Chemicon) 
was  raised  in  rabbit,  against  an  immunogen  that  corre¬ 
sponds  to  amino  acids  305-323  of  the  human  parkin 
protein.  Park-3  polyclonal  antibody  was  also  raised  in 
rabbit,  against  an  immunogen  corresponding  to  amino 
acids  391-405  of  the  parkin  protein.  Park-4  polyclonal 
antibody  was  raised  against  an  epitope  around  amino  acid 
400  of  parkin  (Cell  Signaling,  no  epitope  sequence  sup¬ 
plied).  SP20  is  a  monoclonal  antibody  that  recognizes 
SEPT5.  Anti-a-actin  monoclonal  antibody  (ICN)  was  used 
as  an  internal  loading  control  in  Western  blot  analyses.  The 
anti-c-Myc  antibody  9E10  was  from  Roche.  Dilutions  were 
done  in  tris-buffered  saline  plus  0.01%  triton  X-100+5% 
bovine  serum  albumin  (Sigma).  Dilutions:  Park-1 — 1:300 
for  immunohistochemistry,  and  1:5000  for  immunoblot- 
ting;  Park- 2 — 1:1000  for  immunohistochemistry;  Park-3 — 
1:500  for  immunoblotting,  and  1:200  for  immunoprecipita- 
tion;  Park-4 — 1:1500  for  immunoblotting;  SP20 — 1:10  for 
immunohistochemistry,  and  1:100  for  immunoblotting; 
anti-a-actin — 1:2000  for  immunoblotting;  9E10 — 1:1000 
for  immunoblotting,  1:200  for  immunoprecipitation. 

2.4.  Plasmids 

Wild-type  and  mutant  parkin  were  cloned  into  pcDNA3 
at  the  EcoRI/Xbal  sites.  Myc-parkin  was  generated  by 
adding  a  myc  epitope  by  PCR,  and  inserted  into  pcDNA3 
at  the  EcoRI/Notl  sites.  SEPT5  v2a  and  myc-SEPT5_v2a 
were  cloned  into  pcDNA3  at  the  Xhol/Notl  sites.  For 
production  of  recombinant  SEPT5  v2a,  the  cDNA  was  also 
cloned  into  the  proEX  vector  at  the  BamHI/Spel  sites,  and 
purified  with  nickel  agarose  chromatography.  UbcH7  and  8 
were  cloned  into  the  pET3a  vector.  HA-Ubiquitin  was 
obtained  from  Cecile  Pickart  (Johns  Hopkins,  Baltimore, 
MD,  USA)  and  was  cloned  into  the  pMT123  vector.  The 
parkin  deletion  constructs  were  in  pRK5  and  designed  as 
described  previously  [36]. 

2.5.  Cell  culture 

BE-M17  human  neuroblastoma  cells  were  maintained  in 
Optimem  (Gibco/BRL)  +  10%  fetal  bovine  serum.  SH- 
SY5Y  human  neuroblastoma  cells  were  maintained  in  a 
1:1  mixture  of  Ham’s  F12:EMEM  (Gibco/BRL)+ 10% 
fetal  bovine  serum.  Transfections  were  performed  with 
Fugene  (Roche)  with  1  p,g  DNA+6  p,l  Fugene  per  ml  in 
Optimem. 

2.6.  Immunoprecipitation 

For  immunoprecipitation  experiments,  approximately 
2X106  cells  were  plated  into  sterile  10-cm  Falcon  dishes 


and  grown  to  —80%  confluence.  Cells  were  harvested  by 
trituration  followed  by  low-speed  centrifugation.  Pellets 
were  resuspended  in  lysis  solution  consisting  of  ice-cold 
1%  Triton-X  in  Tris-buffered  saline,  pH  7.4,  with  protease 
inhibitors  (Sigma)  and  dismembranated  via  sonication. 
Protein  concentration  was  determined  by  the  BCA  assay 
(Pierce).  500  p,g  of  protein  from  each  sample  was  diluted 
to  a  final  volume  of  1  ml  in  lysis  solution.  25  pi  protein  A 
(Sigma)  was  added  to  pre-clear  non-specific  binding 
proteins,  1  h,  4  °C.  Samples  were  centrifuged  and  super¬ 
natants  were  transferred  to  new  sterile  microcentrifuge 
tubes.  4  p,g  of  primary  antibody  were  added  to  each 
sample,  followed  by  a  3-h  shaking  incubation  at  4  °C.  30 
pi  protein  A  were  then  added  to  each  sample  and  binding 
to  immune  complexes  was  performed  by  2  h  incubation  at 
4  °C  with  gentle  agitation.  Negative  control  consisted  of  4 
p,g  non-specific  IgG  plus  control  brain  lysate  and  protein 
A.  Samples  were  washed /centrifuged  four  times  in  ice- 
cold  lysis  solution.  After  final  washing  and  centrifugation, 
samples  were  resuspended  in  protein  loading  buffer,  heat 
denatured  at  90  °C  for  5  min,  centrifuged  again,  and 
resolved  by  12%  polyacrylamide  gel  electrophoresis,  85  V, 
90  min.  Immunoblots  were  performed  as  detailed  above. 

2.7.  Yeast  two-hybrid 

Assays  were  performed  according  to  the  manufacturer’s 
protocol,  using  the  Matchmaker  (Clontech)  FexA  system. 
The  cDNA  library  used  for  screening  bait /prey  interac¬ 
tions  was  derived  from  human  brain,  and  consisted  of 
3.5 X106  independent  clones.  We  performed  an  interaction 
trap  assay  using  parkin  as  the  bait.  Full-length  parkin  (465 
amino  acids;  bait  A),  the  amino-terminal  133  amino  acids 
(bait  B),  the  carboxy-terminal  332  amino  acids  (bait  C), 
and  the  amino-terminal  257  amino  acids  (bait  D)  were 
cloned  into  plasmid  pEG202  in-frame  with  the  FexA 
DNA-binding  domain.  Two  different  reporter  genes  were 
used  in  the  FexA  system:  one  was  a  yeast  Feu2  derivative 
and  the  other  was  the  bacterial  lacZ  gene  that  encodes 
(3-galactosidase  and  offers  a  quantitative  method  of 
measuring  interactions.  The  FEU2  reporter  is  stably  in¬ 
corporated  into  the  yeast  strain,  and  has  its  normal 
regulatory  sequences  replaced  by  six  FexA  operator  se¬ 
quences.  The  lacZ  reporter  was  introduced  into  the  yeast 
strain  on  a  plasmid  (pSH18-34)  and  is  also  regulated  by 
multiple  upstream  FexA  operators. 

2.8.  In  vitro  ubiquitination 

Constructs  coding  for  myc-Parkin  or  myc-SEPT5_v2a 
were  transfected  into  293  cells,  and  immunoprecipitated 
from  4  mg  of  lysates  with  4  p,l  9E10  antibody  and  50  pi  of 
agarose  coupled  protein  G.  7  pi  of  each  immunoprecipitate 
was  mixed  with  100  ng  El  (Sigma),  200  ng  Ubch7 
(Affinity),  and  5  p,g  ubiquitin  (Sigma)  in  50  pi  buffer  (50 
mM  Tris  HC1  pH  7.5,  10  mM  DTT,  2  mM  MgCl2  and  4 
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mM  ATP).  The  mixture  was  incubated  for  1  h  and  then 
immunoblotted. 

3.  Results 

3.1.  Parkin  binds  to  SEPT5  v2 

We  utilized  the  LexA  yeast  two-hybrid  system  to  screen 


a  human  brain  cDNA  library  for  binding  partners  of 
parkin.  We  isolated  positive  clones  coding  for  the  septin, 
SEPT5  v2,  in  both  splice  variants,  rel2a  and  rel2b  (Fig. 
1A,  SEPT5  v2A  shown).  These  clones  collectively  en¬ 
coded  sequences  at  the  N-terminus  of  rel2a  from  amino 
acid  1  to  304,  and  the  N-terminus  of  rel2b  from  amino  acid 
1  to  295,  in  multiple,  in-frame  overlapping  prey  cDNA 
hybrids,  indicating  that  these  amino  acids  mediate  the 
parkin-SEPT5_v2  association.  The  amino  terminus  of 
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Fig.  1.  (A)  Yeast  mating  assay  showing  interaction  between  parkin  and  SEPT5  v2a.  Blue  represents  a  positive  interaction.  CDI  is  a  control  that  should  only 
interact  with  the  RFH12  protein,  thus  demonstrating  specificity  for  the  assay.  FL,  full  length  parkin.  (A,  B,  C)  Parkin  constructs  shown  below.  CD44, 
CD22,  and  RFH12  are  constructs  that  are  not  expected  to  interact  with  parkin,  and  act  as  negative  controls.  (B)  Structure  of  septins.  The  structures  of 
SEPT5  v2a,  SEPT5_v2b,  and  SEPT5,  are  shown  in  relation  to  some  other  well-known  septins,  such  as  Septin,  and  Nedd5.  Homologous  regions  are 
represented  by  the  same  color.  Adapted  from  Kartmann  and  Roth  [16].  (C)  Structure  of  yeast  parkin-binding  constructs,  and  amount  of  binding  to 
SEPT5_v2  on  the  right.  (D)  Structure  of  mammalian  parkin  deletion  constructs.  Myc-tagged  constructs  containing  full-length  parkin  (FL),  the  R1  RING 
finger  domain  (Rl),  the  R1  RING  finger  domain  plus  the  ‘In  Between  RING’  finger  domain  (Rl-IBR),  the  R2  RING  finger  domain  (R2),  the  R2  RING 
finger  domain  plus  the  ‘In  Between  RING’  finger  domain  (R2-IBR),  and  the  N-terminal  ubiquitin  homology  domain  (NT).  (E)  Co-immunoprecipitation  of 
SEPT5_v2a  with  myc-tagged  parkin  deletion  constructs.  Left  panel:  SEPT5_v2a  (arrow)  co-immunoprecipitated  with  full-length  parkin,  the  Rl  RING  finger 
domain  and  the  Rl  RING  finger  domain  plus  the  ‘In  Between  RING’  finger  domain  (Rl-IBR).  Right  panel:  SEPT5_v2a  (arrow)  co-immunoprecipitated 
with  full-length  parkin  (FL),  the  N-terminal  ubiquitin  domain  (NT).  (F)  Immunoblots  validating  expression  of  the  parkin  deletion  constructs  in  the  HEK 
293  cell  lysates  used  for  the  immunoprecipitation  in  (E). 


P.  Choi  et  al.  /  Molecular  Brain  Research  117  (2003)  179-189 


183 


SEPT5  v2  shows  minimal  homology  to  other  septins, 
including  SEPT5  vl  (Fig.  IB).  SEPT5  v2a  and  b  are  splice 
variants,  with  SEPT5  v2b  lacking  the  first  19  amino  acids 
of  SEPT5  v2a  (Fig.  IB).  Interestingly,  in  the  case  of 
SEPT5,  it  is  the  carboxy  terminal  of  parkin  that  associates 
with  the  carboxy  terminal  of  SEPT5  vl  [36].  All  further 
experiments  were  performed  using  the  LexA  yeast  two- 
hybrid  system  and  SEPT5  v2a  as  the  interacting  protein. 

To  understand  better  the  nature  of  the  interaction 
between  parkin  and  SEPT5  v2,  we  generated  a  construct 
containing  full-length  parkin,  and  constructs  of  parkin 
truncated  at  either  the  amino  or  carboxy  terminal  (Fig. 
1C).  Yeast  two-hybrid  mating  assays  were  subsequently 
performed  to  map  the  area  of  parkin  responsible  for 
SEPT5  v2a  binding.  SEPT5  v2a  bound  to  full-length  par¬ 
kin  and  an  amino  terminal  construct,  but  not  a  construct 
lacking  the  amino  terminus  (Fig.  1A  and  C).  This  suggests 
that  the  ubiquitin  homology  portion  of  parkin  interacts 
with  SEPT5  v2.  Interestingly,  no  binding  was  seen  to 
construct  C  that  contained  the  amino  two-thirds  of  parkin, 
possibly  because  of  the  altered  conformation  of  this 
construct  or  inhibition  of  binding  by  downstream  domains 
of  parkin  (Fig.  1C). 

3.2.  SEPTS y2a  binds  to  parkin  at  two  sites  in 
mammalian  cells 

Previous  studies  with  SEPT5,  a  close  homologue  of 
SEPT5  v2a,  showed  binding  to  the  carboxy  region  of 
parkin  [36].  Because  of  the  close  homology  between  the 
two  proteins,  we  examined  the  association  of  SEPT5  v2a 
with  domains  of  parkin  previously  shown  to  bind 
SEPT5  vl,  including  the  RING-IBR  domains  (Fig.  1C). 
Based  on  the  yeast  two-hybrid  data  suggesting  binding  of 
SEPT5  v2a  to  a  domain  near  the  amino  terminus  of  parkin, 
we  also  designed  a  construct  containing  only  the  amino- 
terminal  ubiquitin  homology  domain,  and  examined  bind¬ 
ing  of  SEPT5  v2a  to  this  domain  (Fig.  1C).  HEK  293  cells 
were  co-transfected  with  constructs  coding  for  SEPT5  v2a 
and  myc-tagged  parkin  deletion  constructs  corresponding 
to  the  amino  or  carboxy  domains  of  parkin  (Fig.  ID  and  E) 
[36].  We  observed  that  SEPT5  v2a  bound  to  full-length 
parkin,  as  well  as  parkin  deletion  constructs  containing 
either  the  amino  domain  of  parkin  or  the  R1  RING  finger 
(Fig.  ID  and  E).  Binding  of  SEPT5_v2a  to  the  R1  RING 
finger  domain  is  consistent  with  prior  studies  showing  that 
SEPT5  vl  binds  to  the  R2  RING  finger  domain  [36].  In 
addition,  we  observed  that  SEPT5  v2a  binds  to  the  amino 
domain  of  parkin,  which  contains  the  ubiquitin  homology 
domain.  Binding  of  SEPT5  v2a  to  the  amino  region  of 
parkin  concurs  with  the  yeast  two-hybrid  studies,  which 
also  showed  binding  of  this  region.  This  indicates  that  both 
SEPT5  vl  and  SEPT5  v2a  associate  with  the  RING  finger 
domains,  with  SEPT5  vl  binding  to  the  R2  domain  and 
SEPT5  v2a  binding  to  the  R1  domain  [36]. 

Although  binding  to  the  amino  domain  and  the  Rl-IBR- 
R2  domain  of  parkin  show  binding  to  SEPT5  v2  in  both 


the  yeast  two-hybrid  assay  and  in  mammalian  cell  im- 
munoprecipitation  assay,  the  two  assays  differ  quantitative¬ 
ly  in  the  amount  of  binding  observed  (Fig.  1C  and  E).  One 
reason  for  the  difference  might  result  from  the  use  of 
different  parkin  domains  in  the  yeast  two-hybrid  study  and 
the  immunoprecipitation  study.  One  discrepancy  lies  in  the 
parkin  R1-IBR-R2  domain.  A  construct  containing  the 
parkin  R1-IBR-R2  domain  showed  no  association  with 
SEPT5  v2a  in  the  yeast  two-hybrid  study,  while  a  con¬ 
struct  containing  only  the  Rl-IBR  domain  showed  strong 
binding  in  the  immunoprecipitation  assay  (Fig.  1C  and  E). 
The  absence  of  an  association  in  the  yeast  two-hybrid 
assay  might  derive  from  inhibition  of  SEPT5  v2  binding  to 
parkin  by  the  R2  domain  when  it  is  present.  This  hypoth¬ 
esis  could  explain  why  the  immunoprecipitation  assay 
showed  no  binding  to  a  construct  containing  only  the 
IBR-R2  domain  and  weak  binding  to  full-length  parkin 
(Fig.  1C  and  E).  Binding  to  the  parkin  amino  domain  also 
showed  a  quantitative  difference  between  the  yeast  two- 
hybrid  assay  and  the  immunoprecipitation  assay.  This 
difference  could  be  due  to  differences  in  the  size  of  the 
two  constructs  (Fig.  ID  and  F).  The  parkin  amino  domain 
construct  used  for  the  yeast  two-hybrid  studies  was  longer 
than  that  used  for  the  immunoprecipitation  studies  (Fig.  ID 
and  F).  Binding  of  SEPT5  v2  close  to  the  junction  region 
between  the  ubiquitin  homology  domain  and  the  rest  of 
parkin  could  render  it  sensitive  to  interference  from  the 
anti-myc  antibody  used  for  the  immunoprecipitation  assay 
(Fig.  1C  and  E).  Conversely,  the  increased  length  of  the 
amino  domain  yeast  two-hybrid  construct  might  prevent 
interference  with  SEPT5  v2  binding. 

3.3.  SEPTS y2a  binds  to  parkin  in  human  brain  lysates 

To  validate  our  yeast  two-hybrid  analysis  results,  we 
investigated  whether  parkin  interacts  with  SEPT5  v2  in 
human  brain.  SEPT5  v2a  co-precipitated  with  parkin  from 
human  substantia  nigra  lysates  (Fig.  2).  Sepharose-coupled 
anti-parkin  antibody  P391  was  used  to  immunoprecipitate 
parkin,  and  the  immunoprecipitate  was  then  immuno- 
blotted  with  anti-SEPT5_v2a  (Fig.  2,  upper  panel).  As  a 
negative  control,  the  lysates  were  immunoprecipitated  with 
sepharose  coupled  to  non-specific  IgG  (Fig.  2,  upper  panel, 
lane  7).  Nigral  lysates  from  both  control  (Fig.  2,  lanes 
1-3)  and  PD  (Fig.  2,  lanes  4-6)  cases  were  used  in  the 
immunoprecipitations  to  examine  whether  disease-associ¬ 
ated  differences  in  parkin-SEPT5_v2  binding  exist.  Im¬ 
munoprecipitation  revealed  a  single  band  migrating  at  the 
expected  molecular  weight  of  52  kDa  (Fig.  2).  Although 
significant  enrichment  of  SEPT5  v2a  was  observed  by 
immunoprecipitation  of  parkin,  indicative  of  high-affinity 
binding,  there  was  no  significant  difference  in  the  amount 
of  co-precipitated  rel2a  between  PD  and  control  brains 
(Fig.  2).  The  amount  of  SEPT5  v2a  in  the  lysates  was  also 
immunoblotted  (Fig.  2,  lower  panel).  The  PD  nigral  lysates 
showed  a  trend  toward  greater  SEPT5  v2a  levels  in  PD 
than  control  lysates,  but  this  difference  did  not  reach 
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Fig.  2.  Co-precipitation  of  SEPT5  v2a  along  with  parkin  from  substantia 
nigra  lysates.  Sepharose-coupled  anti-parkin  antibody  P391  was  used  to 
immunoprecipitate  parkin.  Immunoblotting  the  precipitate  with  the  anti- 
SEPT5  v2a  antibody  revealed  one  band  at  52  kDa,  which  is  the  expected 
molecular  weight  of  SEPT5  v2a.  The  top  panel  shows  the  immuno¬ 
precipitate,  while  the  bottom  panel  shows  an  immunoblot  of  the  lysates 
with  anti-SEPT5_v2a.  Lanes  1-3  correspond  to  substantia  nigra  from 
three  different  control  donors.  Lanes  4-6  correspond  to  substantia  nigra 
from  three  different  PD  donors.  Lane  7  is  an  immunoprecipitation  using 
non-specific  rabbit  IgG. 


statistical  significance  (P<0.1,  N=9  PD,  10  Control). 
Immunocytochemical  experiments  failed  to  detect  any 
SEPT5  v2a  in  Lewy  bodies  (data  not  shown).  The  co- 
immunoprecipitation  of  parkin  and  SEPT5  v2a  indicates 
that  parkin  associates  with  SEPT5  v2a  in  human  brain 
tissue,  and  validates  the  yeast  two-hybrid  results. 

3.4.  Parkin  levels  affect  levels  of  SEPT 5  v 2a 

The  association  of  SEPT5  v2a  with  parkin  raises  the 
possibility  that  the  degradation  of  SEPT5  v2a  is  mediated 
by  parkin.  To  investigate  this,  HEK  293  cells  were 
transfected  with  plasmids  coding  for  sense  or  anti- sense 
parkin  plus  SEPT5  v2a,  HA-tagged  ubiquitin  and  UbcH8. 
Three  days  following  transfection,  the  cells  were  incubated 
with  MG132  for  4  h  to  block  proteasomal  degradation.  The 
cells  were  lysed,  and  centrifuged  to  separate  soluble  and 
insoluble  material.  Levels  of  SEPT5  v2a  in  both  the  pellet 
and  supernatant  were  observed  to  vary  with  parkin  levels. 
Cell  pellets  were  immunoblotted  with  antibodies  against 
HA  (identifying  ubiquitin),  SEPT5  v2a,  parkin  or  actin 
(Fig.  3 A  and  B).  Parkin  expression  was  high  in  cells 
transfected  with  parkin  cDNA  and  low  in  cells  transfected 
with  parkin  anti-sense  cDNA  (Fig.  3A,  bottom  left  panel). 
HA-ubiquitin  immunoreactivity  paralleled  parkin  expres¬ 


sion  (Fig.  3A,  top  left  panel).  The  level  of  SEPT5  v2a  was 
inversely  related  to  parkin  expression,  and  was  low  in  cells 
transfected  with  parkin  cDNA  and  high  in  cells  transfected 
with  parkin  anti-sense  cDNA  (Fig.  3B,  left  panel).  Finally, 
immunoblotting  with  anti-actin  antibody  showed  that 
protein  expression  was  similar  in  each  lane  (Fig.  3B,  right 
panel). 

3.5.  Parkin  ubiquitinates  SEPT5v2a 

Next  we  examined  whether  SEPT5  v2a  was  ubiquiti- 
nated  by  parkin.  To  determine  whether  parkin  was  able  to 
ubiquitinate  SEPT5  v2a,  we  used  an  in  vitro  ubiquitination 
assay,  similar  to  that  used  for  the  analysis  of  ubiquitination 
of  Pael-R  [14].  For  the  in  vitro  ubiquitination  assay,  HEK 
293  cells  were  transfected  cells  with  either  myc-SEP- 
T5_v2a  or  myc-parkin.  After  48  h,  the  cells  were  harvested, 
and  the  myc-tagged  proteins  (SEPT5  v2a  or  parkin)  were 
immunoprecipitated  from  the  lysates.  The  parkin  and 
SEPT5  v2a  were  then  combined  together  along  with 
recombinant  UbcH8  and  HA-ubiquitin,  as  well  as  ATP  and 
buffer.  Following  1  h  of  incubation,  the  mixture  was 
immunoblotted  with  either  anti-ubiquitin  to  detect  ubiquiti- 
nated  proteins  or  anti-SEPT5_v2a.  SEPT5  v2a  that  had 
been  incubated  with  parkin  showed  the  presence  of  higher 
molecular  weight  bands,  suggesting  that  it  had  been 
ubiquitinated.  The  anti-ubiquitin  immunoblot  showed  in¬ 
creased  levels  of  high  molecular  weight  ubiquitin  conju¬ 
gates  in  lanes  containing  the  SEPT5  v2a  (Fig.  4A).  Omis¬ 
sion  of  parkin  eliminated  the  high  molecular  weight  bands 
seen  with  the  SEPT5  v2a  or  ubiquitin  antibodies,  and 
omission  of  SEPT5  v2a  eliminated  all  reactivity  seen  with 
anti-SEPT5_v2a  and  reduced  the  high  molecular  weight 
ubiquitin  conjugated  proteins.  Omission  of  SEPT5  v2a 
would  not  have  been  expected  to  eliminate  the  high 
molecular  weight  ubiquitin  proteins  because  parkin  auto- 
ubiquitinates.  In  a  parallel  experiment,  we  performed  in 
vitro  ubiquitination  and  immunoblotted  with  antibody  to 
SEPT5  v2a.  High  molecular  weight  bands  were  apparent 
only  in  the  lanes  containing  SEPT5  v2a,  parkin  and  other 
requisite  reagents  (Fig.  4B).  Omission  of  SEPT5  v2a, 
parkin,  Ubch8,  or  ubiquitin + El  eliminated  the  bands. 
Quantification  of  the  in  vitro  ubiquitination  reactions  is 
shown  in  Fig.  4C  and  D.  These  data  suggest  that  parkin 
can  ubiquitinate  SEPT5  v2a. 

3.6.  Levels  of  SEPT 5 y  1  and  SEPT 5 y 2a  are  increased 
in  brains  from  patients  with  ARJP 

The  ability  of  parkin  to  modulate  the  ubiquitination  and 
turnover  of  SEPT5  v2a  in  cell  culture  suggests  that  parkin 
might  also  regulate  turnover  of  SEPT5  v2a  in  the  brain.  To 
investigate  this  question,  we  examined  the  levels  of 
SEPT5  v2a  in  brains  of  patients  who  died  with  ARJP. 
Lysates  were  obtained  from  frontal  cortex  of  ARJP  brains 
(N= 4),  and  age-matched  control  brains  (N=  5).  Frontal 
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Fig.  3.  (A,  B)  HEK  293  cells  were  transfected  with  SEPT5  v2a,  parkin  (sense  or  antisense),  HA-ubiquitin  and  UbcH8.  Two  days  after  transfection,  the 
cells  were  harvested  and  the  lysates  immunoblotted.  (A)  The  top  panel  shows  immunoblotting  with  anti-HA  (recognizing  ubiquitin),  and  the  bottom  panel 
shows  immunoblotting  with  anti-parkin.  Ubiquitination  paralleled  parkin  expression.  (B)  In  the  same  samples,  immunoblots  were  performed  with 
anti-SEPT5  v2a  (top  panel)  and  actin  (bottom  panel).  Although  the  amount  of  protein  did  not  vary,  decreased  parkin  expression  corresponded  to  increased 
SEPT5  v2a  expression. 


cortex  was  used  because  of  the  limited  availability  of 
substantia  nigra  from  ARJP.  We  felt  that  analysis  of 
cortical  tissue  in  ARJP  might  be  informative  because 
parkin  is  expressed  throughout  the  brain.  Based  on  this 
distribution,  loss  of  parkin  might  be  expected  to  affect 
areas  other  than  the  substantia  nigra,  even  though  pathol¬ 
ogy  (in  the  form  of  cell  loss)  is  most  severe  in  the 
substantia  nigra.  Consistent  with  this  hypothesis,  we 
observed  that  the  levels  of  SEPT5  v2a  were  increased  in 
brains  from  ARJP  donors,  although  no  change  was  seen  in 
levels  of  actin  (Fig.  5,  top  panel).  Because  SEPT5  vl  has 
also  been  shown  to  associate  with  parkin,  we  examined 
whether  levels  of  SEPT5  vl  protein  were  increased  in 
ARJP  brain.  We  observed  that  SEPT5  vl  was  also  in¬ 
creased  in  three  out  of  four  cases  of  ARJP  brain  that  were 
examined  (Fig.  5,  middle  panel).  No  significant  differences 
in  actin  were  observed  among  the  samples  (Fig.  5,  lower 
panel).  These  data  suggest  that  parkin  regulates  the 
turnover  of  both  SEPT5  vl  and  SEPT5  v2a  in  vivo. 

4.  Discussion 

Parkin  is  an  E3  ligase,  but  its  substrates  are  only 
beginning  to  be  identified.  Recently,  SEPT5  vl  was  shown 
to  bind  parkin  and  have  its  catabolism  regulated  by  parkin 


[36].  The  protein  SEPT5  v2a  is  a  member  of  the  septin 
family  of  proteins,  and  is  a  close  homologue  of  SEPT5  vl 
[9].  We  have  now  shown  that  parkin  also  binds 
SEPT5  v2a,  ubiquitinates  SEPT5  v2a,  and  can  modulate 
the  levels  of  SEPT5  v2a  in  cells.  We  also  observe  that 
levels  of  both  SEPT5  vl  and  SEPT5  v2a  are  increased  in 
the  brains  of  patients  with  ARJP  Septins  are  small  proteins 
that  can  have  GTPase  activity  and  appear  to  function  in 
membrane  transport  and  exocytosis  [2,9,26].  The  ability  of 
parkin  to  bind  both  SEPT5  vl  and  SEPT5  v2  suggests  a 
biochemical  link  between  septins  and  parkin,  although  the 
functional  consequences  of  the  putative  interaction  be¬ 
tween  parkin  and  SEPT5  vl  proteins  remain  to  be  de¬ 
termined. 

4.1.  Parkin  binds  to  specific  domains  on  SEPT 5 y2 

Parkin  appears  to  bind  SEPT5  v2a  at  two  different 
regions  within  the  protein,  the  N- terminal  ubiquitin-homol- 
ogy  domain  and  the  R1  RING  finger  domain.  The  RING 
finger  domains  appear  to  be  important  for  binding  and 
ubiquitination  of  ligase  substrates.  For  instance,  SEPT5, 
Synphilin-1  and  Pael-R  bind  the  R2  RING  finger  domain, 
and  Tau  all  bind  the  R2-IBR  domain  [6,14,27,36].  In  our 
experiments,  we  observed  different  binding  patterns  de¬ 
pending  on  whether  we  examined  binding  by  yeast  two- 
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Fig.  4.  In  vitro  ubiquitination  of  SEPT5  v2a  by  parkin.  HEK  cells  were  transfected  with  either  myc-tagged  SEPT5  v2a  or  myc-tagged  parkin.  The 
SEPT5  v2a  and  parkin  were  immunoprecipitated,  combined,  an  in  vitro  ubiquitination  was  performed  and  the  product  was  immunoblotted  for  anti-ubiquitin 
(A)  or  anti-SEPT5_v2a  (B).  High  molecular  weight  bands  positive  for  both  ubiquitin  and  SEPT5  v2a  were  present  in  samples  of  SEPT5  v2a  that  had  been 
co-transfected  with  parkin,  suggesting  that  parkin  lead  to  ubiquitination  of  SEPT5  v2a.  Omission  of  any  of  the  reaction  components  eliminated  the 
ubiquitination.  The  prominent  bands  at  25  and  50  kDa  represent  the  heavy  and  light  chains  of  the  anti-myc  antibody  used  to  immunoprecipitate  the  parkin 
and  SEPT5  v2a  proteins.  Quantification  of  the  in  vitro  ubiquitination  for  both  ubiquitin  reactivity  and  high  molecular  weight  SEPT5  v2a  reactivity  is 
shown  in  panels  (C)  and  (D),  respectively  (n= 3). 


hybrid  analysis  or  by  immunoprecipitation  from  mam¬ 
malian  cells.  Binding  in  the  yeast  occurs  only  with  the 
full-length  construct  or  a  construct  containing  only  the 
N-terminal  ubiquitin  binding  domain.  Binding  in  mam¬ 
malian  cells  is  detected  with  constructs  coding  for  either 
the  N-terminal  ubiquitin  binding  domain  or  constructs 
containing  the  RING1-IBR  domain.  Because  other  parkin 
substrates  bind  to  the  RING-IBR  domains,  the  immuno¬ 
precipitation  experiments  appear  more  likely  to  reflect  the 
true  association  that  occurs  in  mammals.  Several  studies 
show  that  the  RING-IBR-RING  domain  is  required  for 


ubiquitin  ligase  activity,  which  suggests  that  binding  of 
SEPT5  v2  to  this  region  is  important  for  the  ability  of 
parkin  to  ubiquitinate  the  protein  [36]. 

The  N-terminal  ubiquitin  homology  domains  of  ligases 
are  important  for  the  binding  of  ligases  to  other  proteins  in 
the  ubiquitin  proteasomal  cascade.  For  instance,  the 
ubiquitin  homology  domain  is  important  for  binding  of 
ligases  to  proteasomal  proteins  [33].  The  N-terminal 
ubiquitin  homology  domain  of  parkin  also  appears  to  be 
required  for  parkin  function  because  mutations  in  this 
domain  block  the  ubiquitin  ligase  activity  of  parkin,  and 
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Fig.  5.  Levels  of  SEPT5  vl  and  SEPT5  v2  are  increased  in  brains  of 
patients  with  ARJP.  Samples  of  cortex  from  cases  of  ARJP  and  age- 
matched  controls  were  immunoblotted  with  anti-SEPT5  v2a  (top  panel), 
SP20  (middle  panel),  or  anti-actin  (bottom  panel).  Although  the  levels  of 
actin  were  constant  among  the  samples,  the  levels  of  SEPT5  vl  and  2a 
were  increased  in  the  ARJP  brains. 

are  associated  with  ARJP  [1,31,36].  By  binding  to  the 
ubiquitin  homology  domain  of  parkin,  SEPT5  v2a  could 
modulate  the  association  of  parkin  with  other  proteins  or 
cellular  organelles,  such  as  the  proteasome. 

4.2.  Parkin  and  disease 

One  of  the  critical  tests  of  whether  a  protein  is  a 
substrate  of  parkin  is  determining  whether  loss  of  parkin 
function  increases  the  steady  state  level  of  the  protein.  The 
levels  of  several  parkin  substrates,  including  glycosylated 
a-synuclein,  synphilin-1  and  Pael-R,  are  all  increased  in 
brains  from  ARJP  donors  [6,14,32].  We  observed  a  similar 
phenomenon  for  both  SEPT5  vl  and  SEPT5  v2.  Brains 
from  subjects  with  ARJP  show  increased  levels  of 
SEPT5  vl  and  SEPT5  v2  compared  to  controls,  although 
SEPT5  vl  was  increased  in  only  three  out  of  four  ARJP 
brains  examined.  Unfortunately,  insufficient  knowledge  is 
available  to  determine  how  elevated  levels  of  SEPT5  vl 
and  SEPT5  v2  might  contribute  to  the  pathophysiology  of 
ARJP. 

Although  mutations  in  parkin  are  associated  with  ARJP, 
parkin  also  appears  to  contribute  to  the  pathophysiology  of 
PD.  Some  parkin  mutations  are  also  associated  with 
familial  forms  of  PD  that  are  indistinguishable  from 
sporadic  PD  [1].  In  addition,  parkin  accumulates  in  Lewy 
bodies  [4,5,30].  The  mechanism  by  which  parkin  accumu¬ 
lates  in  Lewy  bodies  is  unknown,  but  could  derive  from 
the  association  of  parkin  with  other  proteins  that  accumu¬ 
late  in  Lewy  bodies.  Shimura  and  colleagues  observed  that 
parkin  associates  with  a-synuclein,  but  they  observed  that 
parkin  only  binds  and  ubiquitinates  a  glycosylated  form  of 
a-synuclein  that  represents  only  about  1%  of  the  total 
a-synuclein  pool  [32].  Parkin  also  binds  to  other  proteins 


that  are  present  in  LB,  such  as  synphilin  and  cytochrome  c 
[7,11].  Synphilin  was  recently  shown  to  also  bind  and  be  a 
substrate  for  parkin  [6].  Binding  of  parkin  to  a-synuclein 
and  synphilin  raises  the  possibility  that  parkin  might 
appear  in  Lewy  bodies  due  to  its  binding  to  synuclein  and 
synphilin.  In  this  context,  it  is  interesting  that  we  did  not 
detect  SEPT5  v2a  in  Lewy  bodies  (data  not  shown).  The 
reason  for  the  absence  of  SEPT5  v2a  in  Lewy  bodies  could 
simply  result  from  antibodies  that  are  not  sufficiently 
sensitive  to  detect  the  protein  in  Lewy  bodies.  A  recent 
study  by  Ihara  and  colleagues  did  identify  septins  in  Lewy 
bodies  [12].  This  observation  is  consistent  with  a  previous 
study  showing  the  association  of  septins  with  inclusions  in 
neurodegenerative  diseases,  because  prior  studies  have 
identified  the  septins  Nedd5,  diff6  and  H5  in  neurofibril¬ 
lary  tangles  in  Alzheimer’s  disease  [17].  These  observa¬ 
tions  add  septins  to  the  list  of  proteins  affected  by  the 
pathophysiology  of  PD. 

Increasing  evidence  suggests  that  parkin  might  serve  a 
neuroprotective  function  in  the  brain.  As  an  ubiquitin 
ligase,  parkin  could  promote  the  degradation  of  proteins 
that  have  been  damaged  by  oxidation  or  other  events  that 
might  denature  the  proteins.  Studies  show  that  parkin 
associates  with  a  multi-protein  complex  that  handles  such 
denatured  proteins  [15].  Other  studies  show  that  over¬ 
expressing  parkin  protects  against  toxicity  induced  by 
a-synuclein  in  cell  culture  or  in  Drosophila  [28,34].  Parkin 
also  suppresses  the  toxicity  of  the  Pael  receptor,  which  is 
toxic  when  over-expressed  and  is  present  in  elevated  levels 
in  subjects  with  ARJP  [14,34].  The  ability  of  septins  to 
associate  with  particular  vesicles  suggests  that  they  could 
function  to  target  parkin  to  particular  organelles,  which 
could  be  important  for  controlling  the  proteins  with  which 
parkin  associates  [2].  Although  we  do  not  know  whether 
SEPT5  v2  modulates  parkin-mediated  neuroprotection,  the 
importance  of  parkin  in  neuroprotection  suggests  that  this 
is  an  important  line  for  further  investigation. 
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Abstract 

Mice  overexpressing  mutant  a-synuclein  develop  a  progressive  loss  of  motor  function  associated  with  the  accumulation  of  aggregated  a- 
synuclein  in  neurons  of  the  brainstem.  Recent  reports  suggest  that  tau  pathology  might  also  be  associated  with  Parkinson  disease  (PD)  and 
aggregation  of  a-synuclein.  We  now  report  that  mice  overexpressing  A3  OP  a-synuclein  develop  abnormally  phosphorylated  tau  in  parallel 
with  the  accumulation  of  aggregated  a-synuclein.  Enhanced  phosphorylation  of  tau  occurs  only  in  symptomatic  mice  that  also  harbor 
abundant  aggregated  a-synuclein.  The  increased  phosphorylation  of  tau  occurs  at  S3 96/404  and  S202  as  shown  by  immunoblotting  and 
immunocytochemical  studies  with  the  antibodies  PHF-1  and  AT8.  Neurons  that  accumulated  a-synuclein  occurred  in  the  dorsal  brainstem 
and  did  not  show  strong  colocalization  with  neurons  that  showed  abnormal  tau  phosphorylation,  which  largely  occurred  in  the  ventral 
brainstem.  Aggregation  of  a-synuclein  and  phosphorylation  of  tau  are  associated  with  increased  levels  of  phosphorylated  c-jun  kinase  (JNK), 
which  is  a  stress  kinase  known  to  phosphorylate  tau  protein.  These  results  suggest  that  a-synuclein  pathology  can  stimulate  early  pathological 
changes  in  tau. 

©  2004  Elsevier  Inc.  All  rights  reserved. 
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Introduction 

The  protein  a-synuclein  appears  to  play  an  important  role 
in  the  pathophysiology  of  Parkinson  disease  (PD).  Lewy 
bodies  are  a  pathological  hallmark  of  PD  that  are  composed 
primarily  of  a-synuclein  (Spillantini  et  ah,  1997;  Spillantini 
et  ah,  1998b).  a-Synuclein  is  thought  to  play  a  critical  role  in 
the  pathophysiology  of  PD  because  it  accumulates  in  Lewy 
bodies  and  because  genetic  studies  identified  mutations  in  a- 
synuclein  that  are  associated  with  familial  PD  (Kruger  et  al., 
1998;  Polymeropoulos  et  al.,  1997;  Singleton  et  al.,  2003; 
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Spillantini  et  al.,  1998b;  Zarranz  et  al.,  2004).  The  A53T  and 
A3  OP  a-synuclein  appear  to  be  causative  in  PD  by  increasing 
the  tendency  of  a-synuclein  to  aggregate.  The  mutations  both 
increase  the  tendency  of  a-synuclein  to  aggregate  sponta¬ 
neously  or  in  response  to  exogenous  factors,  such  as  metals 
and  oxidative  stress  (Conway  et  al.,  2000;  Hashimoto  et  al., 
1999;  Kruger  et  al.,  1998;  Ostrerova-Golts  et  al.,  2000;  Paik 
et  al.,  1999,  2000;  Polymeropoulos  et  al.,  1997).  The  A53T 
and  A3  OP  mutations  in  a-synuclein  also  cause  age-dependent 
a-synuclein  aggregation  and  neuronal  injury  in  transgenic 
mice  and  Drosophila  (Feany  and  Bender,  2000;  Giasson  et 
al.,  2002;  Kahle  et  al.,  2001;  Masliah  et  al.,  2000).  These 
results  emphasize  the  relevance  of  a-synuclein  to  the  study  of 
neurodegeneration. 

a-Synuclein  appears  to  have  pleitropic  actions.  The  a- 
synuclein  protein  contains  regions  of  homology  with  the 
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protein  chaperone  14-3-3,  displays  functions  resembling  a 
chaperone,  and  also  binds  many  proteins  recognized  by  14- 
3-3  as  well  as  other  proteins  (Ostrerova  et  al.,  1999;  Souza 
et  al.,  2000).  The  proteins  bound  by  a-synuclein  include  14- 
3-3,  protein  kinase  C,  phospholipase  C  8,  extracellular 
regulated  kinase,  synphilin-1,  tyrosine  hydroxylase,  the 
dopamine  transporter,  SEPT4,  and  the  S6'  proteasomal 
protein  (Choi  et  al.,  2001;  Engelender  et  al.,  1999;  Ihara 
et  al.,  2003;  Jenco  et  al.,  1998;  Lee  et  al.,  2001a;  Ostrerova 
et  al.,  1999;  Perez  et  al.,  2002;  Pronin  et  al.,  2000;  Sharon  et 
al.,  2001;  Snyder  et  al.,  2003).  a-Synuclein  shows  avid 
binding  to  lipids,  and  functional  studies  suggest  that  a- 
synuclein  plays  a  role  in  vesicular  exocytosis  (Murphy  et  al., 
2000;  Sharon  et  al.,  2001).  However,  the  relationship 
between  a-synuclein  function  and  its  role  in  neurodegener¬ 
ation  remain  unclear. 

The  microtubule-associated  protein  tau  is  another  protein 
implicated  in  the  pathophysiology  of  many  neurodegener- 
ative  diseases.  Tau  aggregation  is  a  prominent  feature  in 
many  diseases,  including  Alzheimer  disease  and  frontotem¬ 
poral  dementias  (Lee  et  al.,  2001b).  Increasing  evidence 
suggests  that  many  disorders  exhibit  both  tau  and  a- 
synuclein  aggregation.  Tau  and  a-synuclein  pathology  both 
occur  in  Alzheimer  disease,  PD,  Guam-Parkinson-ALS 
dementia  complex,  and  PD  caused  by  mutations  a- 
synuclein  (Duda  et  al.,  2002;  Forman  et  al.,  2002;  Ishizawa 
et  al.,  2003).  Abnormal  phosphorylated  tau  is  present  in 
Lewy  bodies  found  in  sporadic  PD  patients  and  occurs  in 
neurons  near  areas  containing  a-synuclein  pathology 
(Ishizawa  et  al.,  2003).  In  vitro  evidence  also  links  a- 
synuclein  and  tau  as  a-synuclein  binds  tau  in  vitro,  and 
stimulates  tau  phosphorylation  by  protein  kinase  A  in  vitro 
(Giasson  et  al.,  2003;  Jensen  et  al.,  1999).  Recent  results 
indicate  that  a-synuclein  enhances  tau  fibrillization  in  vitro 
and  that  abnormal  tau  fibrils  are  present  in  the  brains  of 
symptomatic  transgenic  mice  overexpressing  mutant  A53T 
synuclein  (Giasson  et  al.,  2003).  However,  the  mechanism 
by  which  tau  and  a-synuclein  fibrillization  might  occur  in 
the  same  diseases  is  poorly  understood. 

We  set  out  to  investigate  whether  A3  OP  a-synuclein 
aggregation  occurs  alongside  tau  pathology  and  to  explore 
potential  mechanisms  by  which  a-synuclein  aggregation 
might  occur  in  parallel  with  tau  pathology  in  transgenic 
mice  overexpressing  A3  OP  a-synuclein  (Kahle  et  al.,  2001). 
We  report  that  symptomatic  A3  OP  a-synuclein  transgenic 
mice  exhibit  abnormal  tau  phosphorylation  and  that  the 
phosphorylation  correlates  with  activation  of  a  c-jun  kinase. 

Materials  and  methods 

Animals 

The  human  [A3 OP]  a-synuclein  transgene  had  been 
injected  in  hybrid  B6/DBA  oocytes  (Kahle  et  al.,  2000). 
Founders  were  extensively  (7-10  generations)  back-crossed 


into  a  C57B1/6  background.  Intercrossing  of  the  highest 
expressing  line  3 1  yielded  a  stable  colony  of  homozygous 
31H  mice  (Neumann  et  al.,  2002).  These  were  the  animals 
used  in  the  present  study.  The  mice  develop  symptoms 
between  6  and  14  months.  The  symptoms  begin  with  a 
tremor  and  progress  to  an  end-stage  phenotype  characterized 
by  muscular  rigidity,  postural  instability,  and  ultimately, 
paralysis.  Mice  that  progressed  to  end-stage  symptoms  were 
sacrificed  by  cervical  dislocation,  and  their  brains  were 
hemisectioned.  The  right  hemisphere  was  fixed  in  formalin 
and  subsequently  embedded  in  paraffin  for  immunohisto- 
chemistry.  The  left  hemisphere  was  flash-frozen  in  methyl- 
2-butane  and  kept  at  —  80°C  for  immunoblot  analysis. 
Asymptomatic  A3  OP  a-synuclein  transgenic  mice  were  age- 
matched  littermates  (therefore  from  the  same  line  as  the 
transgenic  A3  OP  a-synuclein  symptomatic  mice)  and  were 
sacrificed  at  the  same  time.  Nontransgenic  control  mice 
were  C57B1/6  mice  and  were  also  sacrificed  at  the  same 
time  as  the  symptomatic  transgenic  mice. 

Antibodies  and  immunohisto chemistry 

Brains  were  sagittally  sectioned  at  a  thickness  of  4  pm 
and  mounted  on  Superfrost-plus  slides  (Fisher  Scientific). 
Distinct  monoclonal  phospho-specific  tau  antibodies  AT8 
(Pierce  Endogen,  1:200,  Ser  199,  202,  Thr  205)  and  PHF-1 
(generously  provided  by  P.  Davies,  1:200,  Ser  396,  404) 
were  used  to  detect  phosphorylated  tau  epitopes.  Antibodies 
against  a-synuclein  included  a  mouse  monoclonal  anti-a- 
synuclein  antibody  directed  against  the  N-terminus  (Immu¬ 
noblot:  Transduction  Labs:  1:1000,  immunohistochemistry: 
Zymed,  1:100)  and  a  rabbit  polyclonal  antibody  directed 
against  amino  acids  116-131  (used  for  immunohistochem¬ 
istry,  1:500)  (Ostrerova-Golts  et  al.,  2000).  Other  antibodies 
used  were:  anti-glial  fibrillary  acidic  protein  (Dako,  1:500), 
rabbit  polyclonal  anti-phospho  CDK5  antibody  (Tyrl5) 
(Santa  Cruz  Biotechnology,  Santa  Cruz,  CA,  1:50),  anti- 
phospho-GSK-3 13  (Serine-9)  (Santa  Cruz  Biotechnology, 
1:500),  anti-phospho-GSK-3a/|3  (Tyr216)  (BioSource, 
1:200),  anti-phospho-SAPK/JNK  (Thrl83/Tyrl85)  G9 
monoclonal  antibody  (Cell  Signaling,  1:1000),  and  rabbit 
polyclonal  anti-ubiquitin  antibody  (Dako,  1:500).  Immuno¬ 
fluorescence  was  performed  using  the  same  antibody 
concentrations  as  above.  For  immunofluorescence,  sections 
were  first  treated  with  70%  formic  acid  at  room  temperature 
for  15  min,  rinsed  in  PBS  for  10  min,  and  then  blocked  for 
20  min  in  2%  fetal  bovine  serum  and  1%  normal  goat  serum 
in  PBS  at  room  temperature.  Primary  antibody  was 
incubated  on  the  sections  overnight  at  4°C  and  followed 
by  two  10-min  washes  in  PBS.  Fluorescent  cy2  anti-mouse 
(1:2500)  and  rhodamine  anti-rabbit  (1:200)  secondary  anti¬ 
bodies  (Jackson  Immunology)  were  incubated  on  the 
sections  for  1  h  at  room  temperature  in  the  dark.  Following 
two  more  10-min  washes  in  PBS,  coverslips  were  applied 
using  the  Fluormount  G  mounting  media  (Electron  Micro¬ 
scopy  Sciences,  Washington,  PA). 
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Brain  tissue  extraction 

Brain  tissue  extraction  was  performed  as  previously 
described  by  Sahara  et  al.  (2002)  with  minor  modifications. 
Left  hemibrains  were  weighed  and  homogenized  in  three 
volumes  of  TBS  (TBS,  pH  7.4,  1  mM  EDTA,  5  mM  sodium 
pyrophosphate,  30  mM  glycerol  2-phosphate,  30  mM  sodium 
fluoride,  1  mM  EDTA)  containing  a  protease  inhibitor 
cocktail  (Sigma- Aldrich).  Protein  content  was  determined 
via  the  BC  A  method,  and  total  protein  and  concentration  were 
adjusted  with  the  homogenization  buffer  to  be  equal  between 
samples.  Samples  were  then  centrifuged  at  150,000  x  g  for 
15  min  at  4°C  in  a  Beckman  TLA  1004  rotor  (Beckman,  Palo 
Alto,  CA).  The  resulting  pellet  was  rehomogenized  in  three 
volumes  of  a  salt  sucrose  buffer  (10  mM  Tris-HCl,  pH  7.4, 0.8 
M  NaCl,  1 0%  sucrose,  1  mM  EDTA)  with  a  protease  inhibitor 
cocktail  added  immediately  before  use,  while  the  supernatant 
was  labeled  as  SI  and  frozen  at  —  80°C.  The  resuspended 
pellet  was  again  centrifuged  at  1 50,000  x  g  for  1 5  min  at  4°C; 
this  time,  the  pellet  was  discarded,  and  the  supernatant  was 
brought  to  a  1%  sarkosyl  solution  and  incubated  at  37°C  for  1 
h  with  gentle  shaking.  After  centrifugation  (150,000  x  g  for 
30  min  at  4°C),  the  supernatant  was  kept,  labeled  as  S2,  and 
frozen  at  —  80°C.  The  pellet  was  resuspended  in  Tris/EDTA 
(10  mM  Tris  HC1,  pH  7.4,  1  mM  EDTA),  washed  once  more 
with  1%  sarkosyl  solution,  and  frozen  at  —  80°C. 

Immunoblot  analysis 

Samples  were  separated  on  a  gradient  8-16%  SDS- 
PAGE,  transferred  to  PVDF  membranes,  and  stained  with 
either  a  monoclonal  a-synuclein  antibody  (Transduction 
Labs,  1:1000)  or  a  phospho-dependent  tau  monoclonal 
antibody  (PHF-1  or  AT8,  1:200)  followed  by  anti-mouse 
HRP-conjugated  secondary  antibody  (Santa  Cruz  Biotech¬ 
nology)  and  detected  with  SuperSignal™  West  Pico 
Enhanced  Chemiluminescence  Kit  (Pierce),  followed  by 
exposure  to  Kodak  film. 

Quantification  of  immunoblots 

Densitometry  analysis  was  performed  using  ImageJ 
software.  Bands  were  analyzed  and  normalized  to  actin 
levels.  Unpaired  student  t  tests  were  used  to  determine 
statistical  significance  between  expression  levels  in  the 
animals  (n  =  5  for  both  the  transgenic  symptomatic  and 
nontransgenic  animals). 

Results 

Symptomatic  A3  OP  mice  exhibit  synuclein  and  ubiquitin 
aggregates  in  the  brainstem 

As  reported  previously,  mice  overexpressing  the  A3  OP  a- 
synuclein  transgene  developed  symptoms  between  6  and  14 


months  (Kahle  et  al.,  2001).  The  clinical  phenotype 
presented  with  tremor  followed  by  increasing  bradykinesia, 
first  manifest  as  hind  limb  impairment.  As  the  clinical 
phenotype  progressed,  the  mice  developed  postural  insta¬ 
bility  and  ultimately  paralysis.  For  most  experiments,  we 
sacrificed  mice  when  they  developed  an  end-stage  pheno¬ 
type,  which  consisted  of  paralysis,  postural  instability,  and 
absence  of  grooming  behavior.  The  clinical  phenotype 
evolved  over  a  time  course  of  3^1  weeks. 

Mice  exhibiting  an  end-stage  phenotype  were  sacrificed, 
and  their  brains  were  analyzed  by  biochemistry  and 
immunoblotting.  For  the  these  studies,  whole  brain  tissue 
was  homogenized,  and  protein  aggregates  were  partially 
purified  based  on  insolubility  in  the  presence  of  the 
detergent  sarkosyl,  as  described  previously  (Giasson  et  al., 
2002;  Kahle  et  al.,  2001).  The  samples  were  separated  into 
three  fractions:  aqueous-soluble,  sarkosyl-soluble,  and 
sarkosyl-insoluble.  All  fractions  showed  more  monomeric 
a-synuclein  in  the  transgenic  mice  compared  to  the 
nontransgenic  mice.  The  sarkosyl-insoluble  fraction  from 
symptomatic  transgenic  mice  showed  extensive  higher 
molecular  weight  a-synuclein  reactivity  that  was  not 
apparent  in  sarkosyl-insoluble  fractions  from  either  age- 
matched  nontransgenic  or  asymptomatic  transgenic  mice 
(Fig.  1A).  These  higher  molecular  weight  bands  likely 
represent  oligomeric  and  aggregated  a-synuclein  as  reported 
previously  (Giasson  et  al.,  2002;  Kahle  et  al.,  2001). 

To  determine  where  aggregated  a-synuclein  was  present 
in  the  brain,  we  performed  immunohistochemistry  on 
sagittally  cut  brain  sections.  Aggregated  a-synuclein  accu¬ 
mulated  mainly  in  large  neurons  in  the  rostral  part  of  the 
reticular  formation  and  as  punctate  inclusions  in  the  neuropil 
throughout  the  reticular  formation  of  transgenic  sympto¬ 
matic  mice  (Fig.  1C,  panel  a).  a-Synuclein  staining  in  age- 
matched  nontransgenic  mice  was  weaker  and  showed  fewer 
inclusions  (Fig.  1C,  panel  d).  a-Synuclein  staining  in  large 
neurons  of  symptomatic  transgenic  mice  also  showed  strong 
diffuse  expression,  which  was  not  observed  in  nontrans¬ 
genic  or  asymptomatic  mice  (Fig.  1C,  panel  a).  These 
neurons  also  contained  a-synuclein  inclusions  (Fig.  1C, 
panels  a  and  c,  arrows).  Double  staining  demonstrated  that 
these  inclusions  also  stained  positively  with  anti-ubiquitin 
antibody  indicating  that  they  contain  ubiquitin  (Fig.  1C, 
panels  b  and  c,  arrows).  No  reactivity  was  seen  with 
preimmune  serum  (Fig.  1C,  panel  e). 

Symptomatic  A30P  mice  exhibit  increased  pathological 
phosphorylation  of  tau 

Phosphorylation  of  tau  protein  can  be  detected  by  the 
PHF-1  and  AT8  antibodies,  and  is  associated  with  tau 
pathology  (Spillantini  et  al.,  1998a).  Brain  sections  from 
mice  exhibiting  end- stage  motor  impairment  (defined  as 
tremor,  muscular  rigidity,  and  full  paralysis)  were  analyzed 
by  immunoblot  for  the  presence  of  abnormally  phosphory- 
lated  tau  with  the  phospho-specific  antibody  PHF-1,  which 
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Fig.  1 .  Accumulation  of  aggregated  a -sy nuclein.  (A)  The  amount  of  aggregated  a-synuclein  observed  in  the  sarkosyl-insoluble  fraction  from  symptomatic 
A3  OP  transgenic  mice  (lanes  2  and  4,  from  a  14-month  female  mouse  shown)  is  much  greater  than  the  amount  present  in  an  age-matched  nontransgenic  female 
mouse  (lane  1)  or  old  asymptomatic  transgenic  A3  OP  a-synuclein  female  mouse  (lane  3).  (B)  Immunocytochemical  analysis  of  a  symptomatic  A3  OP  transgenic 
mouse  shows  neurons  in  the  dorsal  pons  exhibiting  both  diffuse  and  punctate  accumulation  of  a-synuclein  (a).  This  region  also  shows  an  increase  in  ubiquitin 
immunoreactivity  (b)  that  partly  colocalizes  with  the  a-synuclein  reactivity  (c,  arrows).  Less  a-synuclein  immunoreactivity  is  seen  in  the  same  region  from  an 
age-matched  nontransgenic  a-synuclein  mouse  (d),  and  no  a-synuclein  immunoreactivity  is  seen  in  the  same  region  from  a  symptomatic  A3  OP  transgenic 
mouse  following  preadsorption  of  antibody  (e).  Bar  =  20  pm. 


detects  phosphorylation  of  serine  at  amino  acids  396/404. 
(Lewis  et  ah,  2001)  Immunoblots  of  whole  brain  homoge¬ 
nates  demonstrated  over  a  fourfold  increase  in  PHF-1 
reactivity  in  symptomatic  transgenic  mice  compared  to 
nontransgenic  controls  (Fig.  2A).  In  addition,  some  of  the 
PHF-1 -reactive  tau  migrated  at  a  higher  molecular  weight, 
which  is  characteristic  of  abnormally  phosphorylated  tau  in 
diseased  brain  (Fig.  2A).  The  total  amount  of  tau  as  detected 
by  the  Tau-5  antibody,  however,  did  not  differ  among  the 
groups  (Figs.  2A  and  B).  Abnormally  phosphorylated  tau  in 
disease  brain  often  shifts  to  an  insoluble  pool  as  the  tau 
fibrillizes.  To  determine  whether  such  a  shift  was  apparent  in 
the  symptomatic  transgenic  mice,  we  performed  stepwise 
solubility  fractionation  to  separate  salt-soluble,  sarkosyl- 
soluble,  and  sarkosyl-insoluble  fractions.  All  brain  tissue 
fractions  of  symptomatic  transgenic  mice  showed  increased 
PHF-1  signal  compared  to  age-matched  nontransgenic  mice 
as  analyzed  by  PHF-1  immunoblot.  A  representative  immu- 
noblot  of  the  sarkosyl-insoluble  fraction  in  Fig.  2C  (left 
panel)  shows  increased  S3 96  and  S404  phosphorylation 
detected  with  the  PHF-1  antibody  in  a  symptomatic  trans¬ 
genic  mouse.  A  similar  pattern  of  reactivity  was  observed 
when  the  insoluble  fraction  was  probed  with  the  Tau-5 
antibody,  an  antibody  that  recognizes  tau  from  Arg221  to 
Leu282  and  is  independent  of  phosphorylation  state  (Fig.  2C, 
right  panel).  The  increased  total  tau  reactivity  observed  in  the 
insoluble  fraction  from  symptomatic  transgenic  mice  com¬ 
pared  to  control  mice  reflects  the  tendency  of  abnormally 
phosphorylated  tau  to  shift  to  the  sarkosyl-insoluble  fraction, 
which  could  be  due  to  fibrillization  of  tau  or  association  with 
other  species  that  are  aggregating.  Immunoblotting  with  anti- 
actin  antibody  confirmed  equal  protein  loading  among  the 


different  samples  (Fig.  2C).  Immunohistochemical  analysis 
using  the  MCI  and  Alz-50  antibodies  that  detect  a  conforma¬ 
tional  change  in  tau  associated  with  tangles  did  not  stain 
positively  in  the  symptomatic  transgenic  animals  (data  not 
shown),  suggesting  that  the  phosphorylated  tau  is  in  a 
“pretangle”  state.  Further  washing  of  the  insoluble  fraction 
did  not  remove  either  the  PHF-1 -positive  or  Tau-5 -positive 
tau,  which  indicates  that  the  presence  of  the  tau  in  the 
insoluble  fraction  was  not  due  to  carryover  of  sample  from  the 
soluble  fraction  (data  not  shown). 

To  further  characterize  the  pathological  phosphorylation 
of  tau  in  these  animals,  we  utilized  AT8,  another  phospho- 
tau  antibody  that  recognizes  tau  phosphorylated  on  amino 
acids  Seri 99,  Ser202,  and  Thr205  (Drewes  et  al.,  1992). 
The  results  paralleled  those  seen  with  the  PHF-1  antibody. 
Immunoblot  analysis  showed  more  reactivity  in  the  sarko¬ 
syl-insoluble  fraction  from  the  symptomatic  transgenic  mice 
than  in  asymptomatic  transgenic  control  mice  or  non¬ 
transgenic  mice  (Fig.  2D,  asymptomatic  mouse  data  shown). 
In  addition,  tau  from  the  symptomatic  transgenic  mice 
migrated  at  a  slightly  higher  molecular  weight  (Fig.  2D,  AT8 
and  Tau-5  panels).  The  sarkosyl-soluble  fractions  also 
showed  increased  AT8  signal  in  the  symptomatic  transgenic 
mice  compared  to  nontransgenic  mice  (Fig.  2D).  The  size  of 
the  shift  in  tau  varied  among  experiments  but  was  often 
more  apparent  with  Tau-5,  perhaps  because  the  PHF-1  and 
AT8  only  detect  tau  that  has  already  been  phosphorylated. 
No  difference  in  actin  reactivity  was  observed  among  the 
lanes  demonstrating  that  there  was  equal  protein  among  the 
samples  (Fig.  2D). 

To  determine  whether  tau  phosphorylation  is  found  in  the 
same  brain  regions  as  the  synuclein  pathology,  we 
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Fig.  2.  Induction  of  phosphorylated  PHF-1  and  AT8-reactive  tau  protein.  (A)  PHF-1  immunoblot  of  nonfractionated  whole  brain  homogenates  from  transgenic 
symptomatic  (+)  or  age-matched  nontransgenic  mice.  The  blot  was  stripped  and  reprobed  with  tau-5  antibody  which  recognizes  total  tau,  indicating  similar 
total  tau  levels  between  animals.  Actin  immunoblot  demonstrates  equal  protein  loading.  (B)  Quantification  of  differences  in  PHF-1  and  total  tau 
immunoreactivity  in  the  homogenates.  Image J  densitometric  analysis  of  the  PHF-1  immunoreactivity  normalized  to  actin  levels  in  each  animal  (**P  =  0.0035 
in  PHF-1,  n  =  5)  No  significant  difference  in  tau  levels  detected  by  Tau-5  existed  between  transgenic  symptomatic  and  nontransgenic  animals.  (C)  Immunoblot 
of  the  sarkosyl-insoluble  fraction  from  a  symptomatic  A3  OP  transgenic  mouse  showed  increased  PHF-1 -reactive  tau  protein  compared  to  the  same  fraction 
from  an  age-matched  nontransgenic  mouse  (arrow).  Also,  note  the  electrophoretic  shift  in  the  PHF-1  immunoreactive  band  in  the  symptomatic  transgenic 
mouse  corresponding  to  increased  phosphorylation.  The  lower  panel  shows  actin  immunoreactivity  as  a  loading  control.  (D)  Immunoblot  of  fractionated 
samples  in  old  (12  months,  lanes  2  and  4)  symptomatic  A30P  transgenic  mouse  and  young  (2  months,  lanes  1  and  3)  asymptomatic  A30P  transgenic  mouse. 
Sarkosyl-soluble  fractions  are  lanes  1  and  2,  while  insoluble  fractions  are  lanes  3  and  4.  AT8  antibody  demonstrates  increased  phosphorylation  of  tau  in  the 
symptomatic  mouse  compared  to  the  asymptomatic  mouse.  Tau-5  immunoreactivity  of  the  same  immunoblot  shows  a  shift  in  tau  mobility  in  the  symptomatic 
mouse  likely  due  to  an  increased  phosphorylated  tau  protein  which  migrates  more  slowly  on  SDS-PAGE 


performed  double-label  immunofluorescence  analysis.  Dou¬ 
ble-labeling  immunofluorescence  analysis  with  antibodies 
to  synuclein  and  phosphorylated  tau  (PHF-1,  Ser396,  and 
Ser404)  demonstrated  increased  labeling  of  neurons  in  the 
brainstems  of  symptomatic  animals  compared  to  age- 
matched  nontransgenic  mice  (Fig.  3 A).  Many  neurons  in 
the  brainstem  exhibited  both  diffuse  cytoplasmic  PHF-1 
reactivity  and  punctate  PHF-1  labeling  within  neurons  (Fig. 
2A,  panel  e).  Much  less  PHF-1  staining  was  observed  in  the 
same  region  from  nontransgenic  mice.  The  neurons  that 
were  diffusely  positive  for  PHF-1  staining  showed  either  no 
a-synuclein  staining  or  a  small  amount  of  punctate  a- 
synuclein  staining  (Fig.  2A,  panels  d  and  f).  PHF-1 -positive 
neurons  were  most  abundant  in  the  ventral  brainstem.  In 


contrast,  the  neurons  that  stained  strongly  for  a-synuclein 
were  large  neurons  located  in  the  dorsal  reticular  formation 
(Fig.  1C).  A  merge  of  the  pictures  showing  strong  PHF-1 
tau  inclusions  showed  only  occasional  colocalized  with 
punctate  a-synuclein  inclusions  (Fig.  2B,  panel  f,  white 
arrows).  The  age-matched  nontransgenic  mouse  displayed 
weaker  staining  of  synuclein  and  phosphorylated  tau  (Fig. 
2B,  panels  a  and  b).  These  results  suggest  that  the  neurons 
that  develop  phosphorylated  tau  at  Ser395/404  do  not 
contain  large  aggregations  or  accumulations  of  a-synuclein 
protein. 

Immunofluorescence  analysis  with  AT8  antibody  also 
showed  increased  tau  pathology  in  the  ventral  forebrain. 
AT8  reactivity  associated  with  phosphorylation  on  residues 
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Fig.  3.  Phosphorylated  tau  and  a-synuclein  aggregates  can  occur  independently.  (A)  Immunocytochemical  analysis  of  a-synuclein  and  PHF-1 
immunoreactivity  in  the  ventral  pons.  Staining  of  ventral  pons  from  an  aged  nontransgenic  mouse  showed  little  a-synuclein  (a,  c)  or  PHF-1  (b,  c)  reactivity. 
In  contrast  staining  of  a  symptomatic  A3  OP,  transgenic  mouse  showed  an  increase  in  punctate  a-synuclein  staining  (d),  and  both  diffuse  and  punctate  staining 
for  PHF-1  (e).  Merging  of  the  pictures  shows  that  some  of  the  a-synuclein  staining  occurred  in  neurons  containing  the  PHF-1  reactivity  (f,  arrows).  Inset 
highlights  a-synuclein  and  PHF-1  colocalization  of  a  single  neuron  (yellow  arrow).  Bar  =  20  pm.  (B)  Immunocytochemical  analysis  of  an  aged  nontransgenic 
mouse  shows  little  staining  of  a-synuclein  (a,  c)  or  AT8  (b,  c).  In  contrast  staining  of  a  symptomatic  A30P,  transgenic  mouse  shows  an  increase  in  punctate  a- 
synuclein  labeling  (d),  and  neurons  in  the  ventral  pons  with  both  diffuse  and  punctate  accumulation  of  AT8  (e).  Merging  of  the  pictures  shows  that  some  of  the 
a-synuclein  staining  occurs  in  neurons  containing  the  AT8  reactivity  (f,  arrows).  Bar  =  20  pm. 


199,  202,  205  was  apparent  in  small  neurons  of  the  pontine 
reticular  formation  of  symptomatic  transgenic  mice  (Fig. 
3B,  panel  e).  Staining  with  an  antibody  to  a-synuclein 
showed  large  neurons  in  this  area  that  exhibited  diffuse  anti- 
a-synuclein  reactivity  (Fig.  3B,  panel  d).  In  addition,  there 
was  some  punctate  a-synuclein  staining  present  both  in  the 
large  neurons  and  throughout  the  neuropil  (Fig.  3B,  panel 
d).  The  neurons  that  were  diffusely  positive  for  AT8  were 
small  neurons  that  did  not  colocalize  with  the  neurons 
showing  diffuse  a-synuclein  accumulation  (Fig.  3B,  panel 
f).  Some  of  the  large,  synuclein-positive  neurons  also 
harbored  punctate  AT8-positive  inclusions  (Fig.  3B,  panel 
f,  arrow  heads).  The  nontransgenic  animal  exhibited  weaker 
staining  with  both  synuclein  and  AT8  (Fig.  3B,  panels  a,  b, 
and  c),  and  colocalization  was  not  evident.  These  results 
parallel  those  observed  with  PHF-1  and  indicate  that 
neurons  that  develop  phosphorylated  tau  at  Ser202/204  do 


not  contain  large  aggregations  or  accumulations  of  a- 
synuclein  protein. 

Increased  activity  of  cellular  stress  kinases  in  symptomatic 
transgenic  mice 

Three  kinases  are  commonly  associated  with  PHF-1 
reactivity  including  cyclin-dependent  kinase  5  (CDK5),  c- 
jun  kinase  (JNK),  and  glycogen  synthase  kinase  3(3  (GSK- 
3(3)  (Godemann  et  al.,  1999;  Paudel,  1997;  Wang  et  al., 
1998).  We  examined  whether  any  of  these  kinases  are 
activated  as  the  A3  OP  a-synuclein  mice  develop  motor 
impairment.  We  obtained  tissue  sections  from  symptomatic 
and  nonsymptomatic  A3  OP  a-synuclein  mice  and  age- 
matched  nontransgenic  control  mice.  The  tissue  was  probed 
with  antibodies  to  the  activated  c-jun  kinase  (JNK,  phospho- 
Thrl83/Tyrl85),  tyrosine  216,  or  Serine  9  of  glycogen 
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synthase  kinase  3|3,  and  p25,  the  cellular  activator  of  cdk5. 
The  antibody  recognizing  activated  JNK  exhibited  higher 
reactivity  in  the  symptomatic  animals  compared  to  age- 
matched  nontransgenic  controls,  although  no  change  was 
observed  in  the  level  of  total  JNK  (Figs.  4 A  and  B, 
phospho-JNK  data  shown).  Reactivity  for  phospho-GSK-3  (3 
Serine  9  was  increased  (Figs.  4C  and  D),  while  reactivity  for 
phospho-GSK-3  (3  tyrosine  Y216  was  unchanged  (Fig.  4E). 
Phosphorylation  of  Serine  9  of  GSK-3 13  is  associated  with 
inactivation  of  the  protein,  while  phosphorylation  of 


tyrosine  216  is  associated  with  activation  of  GSK-3  (3  (Fang 
et  al.,  2000;  Wang  et  al.,  1994).  Immunoblotting  with 
antibody  to  p25,  the  activator  of  CDK5,  also  failed  to  show 
a  difference  between  transgenic  and  nontransgenic  animals 
(Figs.  4F  and  G). 

We  performed  immunofluorescence  analysis  to  deter¬ 
mine  if  the  activated  p-JNK  is  located  in  the  same  neurons 
of  either  phosphorylated  tau  or  a-synuclein  aggregates. 
Double  labeling  revealed  p-JNK  and  a-synuclein  coloca¬ 
lization  (Fig.  5 A)  in  neurons  of  the  dorsal  brainstem  area 
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Fig.  4.  Levels  of  activated  c-jun  kinase  increase  in  symptomatic  A30P  a-synuclein  mice.  (A)  Immunoblot  of  brainstem  homogenates  probed  with  an  antibody 
recognizing  activated  JNK.  Activated  JNK  reactivity  (upper  panel)  is  increased  in  motor-impaired  animals  relative  to  nontransgenic  control  animals;  actin 
levels  (lower  panel)  were  used  to  normalize  for  protein  loading.  (B)  Densitometric  analysis  demonstrates  a  significant  increase  in  the  levels  of  activated  JNK  in 
symptomatic  animals  when  normalized  to  actin.  (C  and  D)  Levels  of  GSK-3  (3  phosphorylated  at  Serine-9  are  increased  in  symptomatic  animals  when 
normalized  to  actin;  phosphorylation  at  Serine-9  is  a  modification  that  inhibits  GSK-3  (3  activity.  (E)  Phosphorylation  at  Y2 16  of  GSK-3  (3  is  not  changed  in 
symptomatic  transgenic  animals  compared  to  nontransgenic  controls.  (F  and  G)  Immunoblot  of  p25,  the  activator  of  cdk5,  shows  no  significant  change  in  p25 
levels  between  symptomatic  and  asymptomatic  animals.  Actin  is  used  to  demonstrate  equal  protein  loading  for  all  protein  analyses.  **P  <  0.05. 
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Fig.  5.  Phosphorylated-JNK  and  GSK-3(3-S9  are  localized  in  neurons  containing  a-synuclein  or  PHF-1  phospho-tau  reactivity.  (A)  Immunocytochemical 
analysis  comparing  tissue  from  an  age-matched  asymptomatic  transgenic  animal  (top  panels)  to  a  mo  tor- impaired  transgenic  animal  (second  panel).  Staining  in 
the  dorsal  pons  for  a-synuclein  (a,  d)  and  phospho-JNK  (b,  e)  reveals  weak  staining  in  the  asymptomatic  animal  compared  to  the  motor-impaired  animal. 
Merge  of  the  two  (c,  f)  shows  moderate  co-occurrence.  Arrowheads  point  to  colocalization.  (B)  Immunocytochemical  analysis  of  the  dorsal  pons  region  of  a 
nontransgenic  mouse  (upper  panel)  and  a  symptomatic  transgenic  mouse  (lower  panel).  Antibodies  towards  phospho-GSK-3  (3.  Serine-9  (red,  a  and  d)  and  PHF- 
1  (green,  b  and  e)  show  increased  reactivity  in  the  symptomatic  animal  compared  to  the  age-matched  nontransgenic  animal.  Merging  the  two  (c  and  f)  reveals 
some  colocalization  of  PHF-1  and  GSK-3(3  S9  reactivity  in  the  symptomatic  animals  (designated  by  arrows)  and  other  PHF-1 -positive  neurons  that  do  not 
show  GSK-3|3>  S9  reactivity  (designated  by  arrowheads).  Magnification  x40. 


where  neurons  were  diffusely  positive  for  a-synuclein  in 
symptomatic  transgenic  mice.  In  areas  with  fewer  a- 
synuclein-positive  neurons,  such  as  the  ventral  brainstem, 
anti-phospho-JNK  reactivity  appeared  to  colocalize  with 
PHF-1  reactivity  rather  than  anti-a-synuclein  reactivity. 
Serial  sections  with  antibodies  towards  p-JNK  and  PHF-1 
showed  similar  patterns  of  staining  in  the  ventral  brainstem 
in  symptomatic  transgenic  mice  (Figs.  6a  and  b).  This 
suggests  that  p-JNK  reactivity  does  not  always  occur  in 
neurons  that  have  overt  accumulation  of  a-synuclein.  In 
contrast,  staining  for  p-JNK  and  PHF-1  in  the  asymptomatic 
transgenic  mice  (Figs.  6c  and  d)  or  nontransgenic  mice 
(Figs.  6e  and  f)  was  weak.  Studies  with  antibodies  towards 
phospho-GSK-3  (3,  showed  no  increase  in  reactivity  (data 
not  shown),  although  reactivity  with  antibody  identifying 
phospho-Ser9  of  GSK-3  p>  showed  some  colocalization  with 
PHF-1  in  the  ventral  portion  of  the  brainstem  of  motor- 


impaired  animals  (Fig.  5B,  lower  panel,  arrows),  while  very 
little  staining  is  present  in  age-matched  nontransgenic  mice 
(Fig.  5B,  upper  panel). 

Increased  reactivity  for  glial  fibrillary  acidic  protein  in 
symptomatic  transgenic  mice 

Because  gliosis  has  not  been  reported  on  in  this  line  of 
A3  OP  a-synuclein  mice,  and  to  assess  other  signs  of 
injury,  we  performed  immunohistochemistry  with  an 
antibody  directed  against  glial  fibrillary  (GFAP)  acidic 
protein  to  detect  astrocytosis,  which  is  a  classic  marker 
for  neuronal  injury.  We  observed  a  massive  increase  in 
GFAP  reactivity  present  throughout  the  brainstem  of 
symptomatic  A3  OP  a-synuclein  mice  (Fig.  7B,  c.) 
compared  to  nonsymptomatic  A3  OP  a-synuclein  trans¬ 
genic  mice  (Fig.  7B,  b.)  or  nontransgenic  mice  (Fig.  7B, 
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Fig.  6.  Phosphorylated-JNK  is  present  in  neurons  similar  to  those  exhibiting  PHF-1  phospho-tau  reactivity  in  the  ventral  brainstem.  Serial  sections  of  brain 
tissue  from  symptomatic  transgenic  A30P  a-synuclein  transgenic  mice  showed  staining  for  both  phosphorylated-JNK  (a)  and  PHF-1  (b)  in  similar  neurons 
observed  in  serial  sections.  No  staining  for  either  antibody  was  observed  in  sections  from  asymptomatic  A3  OP  a-synuclein  transgenic  mice  (c  and  d)  or  aged, 
nontransgenic  mice  (e  and  f).  Magnification  x40. 


a).  The  presence  of  the  GFAP  reactivity  throughout 
contrasted  sharply  with  the  focal  loci  of  reactivity  seen 
with  the  phospho-tau  or  a-synuclein  immunoreactivity 
(Figs.  IB,  2B,  and  3B). 

Discussion 

Transgenic  mice  overexpressing  a-synuclein  develop  an 
age-dependent  accumulation  of  a-synuclein  in  neurons  of 
the  brainstem  (Giasson  et  al,  2002;  Kahle  et  ah,  2001).  Our 
study  confirms  the  observations  of  a-synuclein  aggregation 
observed  by  Kahle  et  al.  (2000,  2001),  as  well  as  by  other 
groups  studying  mice  overexpressing  A53T  or  wild-type  a- 
synuclein.  We  also  observed  the  surprising  finding  that 
transgenic  a-synuclein  mice  with  impaired  motor  function 
accumulate  tau  that  is  phosphorylated  at  Ser202/Thr205 
(detected  with  the  AT8  antibody)  and  Ser396/Ser404 
(detected  with  the  PHF-1  antibody). 

Phosphorylation  of  tau  at  Ser202/Thr205  and  Ser396/ 
Ser404  is  commonly  observed  in  neurodegenerative  dis¬ 
eases  that  are  associated  with  tau  pathology  including 
FTDP-17,  AD,  and  PSP  (Godemann  et  al.,  1999;  Jicha  et 


al.,  1997;  Paudel,  1997;  Wang  et  al.,  1998).  Abnormal  tau 
phosphorylation  was  readily  apparent  by  both  immunohis- 
tochemistry  and  immunoblot.  Biochemical  analyses  of  the 
brain  homogenates  indicate  that  hyperphosphorylated  tau 
was  present  in  both  sarkosyl-soluble  and  the  sarkosyl- 
insoluble  fractions  of  whole  brain  homogenates.  The 
presence  of  tau  in  the  sarkosyl-insoluble  fraction  suggests 
that  some  of  the  tau  is  either  self-aggregated  or  associated 
with  another  aggregate,  such  as  aggregated  a-synuclein. 
Indeed,  we  demonstrated  that  some  of  the  tau  coassociates 
with  a-synuclein  in  the  symptomatic  transgenic  mice  but 
not  in  the  nontransgenic  or  asymptomatic  transgenic  mice. 
The  presence  of  tau  with  pathological  phosphorylation  but 
lacking  conformational  epitopes  associated  with  neuro¬ 
fibrillary  tangles  suggests  that  the  tau  exists  at  a  stage 
characteristic  of  pretangles  or  early  tangle  formation. 
Incomplete  tangle  formation  has  been  observed  in  aged 
mice  expressing  the  human  amyloid  precursor  protein  APP 
717  or  Swedish  mutations  (Games  et  al.,  1995;  Hsiao  et  al., 
1996).  Progression  to  full  tangle  formation  might  not  occur 
in  mice  because  mouse  tau  does  not  appear  to  have  the  same 
tendency  as  human  tau  to  aggregate  in  vivo  (Lewis  et  al., 
2000,  2001;  Tatebayashi  et  al.,  2002). 
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Fig.  7.  GFAP  activity  increases  in  symptomatic  A30P  a-synuclein  mice.  (A)  Immunoblot  of  whole  brain  homogenates  with  an  antibody  against  glial  fibrillary 
acidic  protein.  GFAP  reactivity  is  elevated  in  symptomatic  animals  compared  to  nontransgenic  animals.  Actin  is  used  as  a  loading  control.  (B) 
Immunocytochemistry  of  sagittally  cut  brains  from  nontransgenic,  asymptomatic  transgenic,  or  symptomatic  transgenic  mice.  Abundant  immunoreactivity 
against  GFAP  was  apparent  in  the  brainstem  from  a  12-month-old  symptomatic  A30P  a-synuclein  mouse  (c)  using  an  antibody  against  activated  GFAP,  while 
little  GFAP  reactivity  was  apparent  in  tissue  sections  from  a  4-month-old  nonsymptomatic  A3  OP  a-synuclein  mouse  (b)  and  a  12-month-old  nontransgenic 
mouse  (a).  Magnification  x2. 


One  surprising  aspect  of  tau  pathology  in  the  A3  OP  a- 
synuclein  mice  is  that  the  phospho-tau  appears  to  form 
predominantly  in  neurons  that  did  not  overtly  accumulate  a- 
synuclein.  This  observation  is  consistent  with  recent  studies 
of  pathological  tau  and  a-synuclein  aggregates  in  human 
and  mouse  tissues.  Tau  can  be  detected  in  some  Lewy 
bodies  in  PD  substantia  nigra,  but  many  Lewy  bodies  do  not 
contain  pathological  tau  (Ishizawa  et  al.,  2003).  Pathological 
tau  can  also  be  detected  in  brain  tissue  from  human  PD 
subjects  caused  by  the  A53T  a-synuclein  mutation  as  well 
as  in  transgenic  mice  coexpressing  P301L  tau  and  A53T  a- 
synuclein;  however,  the  tau  and  a-synuclein  are  not  always 
colocalized  (Duda  et  al.,  2002;  Giasson  et  al.,  2003).  Duda 
et  al.  found  tau  in  a  halo  shape  surrounding  a-synuclein 
inclusions  in  the  brains  of  patients  overexpressing  A53T  a- 
synuclein,  which  indicates  that  the  two  proteins  can 
aggregate  in  close  proximity.  Giasson  et  al.  reported 
approximately  25%  of  a-synuclein  inclusions  contained 
tau  threads  in  mice  overexpressing  A53T  a-synuclein. 
These  results  are  therefore  consistent  with  our  observation 
that  only  a  fraction  of  pathological  tau  colocalizes  with  a- 
synuclein  accumulations.  The  amount  of  colocalization 
might  vary  depending  on  extrinsic  factors,  such  as  the 
oxidative  stress  present  in  neurons  of  patients  with  PD,  and 


on  intrinsic  factors,  such  as  the  type  of  mutation  that  is 
present;  the  P301L  tau  mutation,  A53T  a-synuclein,  and 
A3  OP  a-synuclein  mutations  might  impact  colocalization  of 
tau  and  a-synuclein  aggregates  differentially.  Previous 
studies  examining  tau  pathology  in  mice  developing 
amyloid  accumulations  also  observed  tau  phosphorylation 
occurring  at  a  distance  from  the  amyloid  accumulation. 
Mice  transgenic  for  both  amyloid  precursor  protein  and 
P301L  tau  develop  tau  pathology  in  some  regions  that  are 
separate  from  the  amyloid  accumulation  (Lewis  et  al., 
2001).  Following  injection  of  A (3,  tau  pathology  also 
develops  at  some  sites  distant  from  the  injection  site  (Gotz 
et  al.,  2001;  Sigurdsson  et  al.,  1997).  The  separation  of  tau 
and  synuclein  pathology  that  we  observed  in  this  study 
might  reflect  similar  processes.  The  presence  of  pathological 
tau  in  neurons  that  do  not  show  a-synuclein  accumulation 
could  result  from  the  presence  of  small  amounts  of  fibrillar 
a-synuclein  in  these  neurons,  which  might  either  directly 
stimulate  the  stress  kinases  or  might  stimulate  aggregation 
of  tau.  Alternatively,  the  pathological  tau  might  derive  from 
distant  signals.  Neurons  that  have  been  injured  by  the 
accumulation  of  large  amounts  of  a-synuclein  might  secrete 
factors  such  as  cytokines  that  would  stimulate  tau  phos¬ 
phorylation,  as  well  as  gliosis.  Neurons  containing  large 
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amounts  of  a-synuclein  accumulation  might  also  generate 
free  radicals  and/or  might  fail  to  send  out  trophic  signals 
required  by  neighboring  neurons. 

Other  proteins  known  to  be  involved  in  the  neuro- 
degenerative  pathology  appear  to  accumulate  along  with  the 
a-synuclein.  Lewy  bodies  are  composed  primarily  of  the 
proteins  a-synuclein  and  ubiquitin,  but  other  proteins  are 
present  in  some  Lewy  bodies  in  smaller  amounts,  such  as 
parkin,  Synphilin-1,  SEPT4,  torsin,  and  neurofilament  (Choi 
et  al.,  2001;  Goldman  and  Yen,  1986;  Schlossmacher  et  al., 
2002;  Sharma  et  al.,  2001;  Wakabayashi  et  al.,  2000). 
Interestingly,  we  did  not  observe  increases  in  parkin 
associated  with  the  a-synuclein  accumulation  (data  not 
shown).  Ubiquitin  is  the  protein  most  commonly  associated 
with  Lewy  bodies,  and  we  observed  that  the  A3  OP  a- 
synuclein  mice  show  concomitant  accumulation  of  ubiq¬ 
uitin.  The  ubiquitin  that  accumulates  appears  to  occur  in 
only  a  subset  of  the  neurons  that  accumulate  a-synuclein  as 
shown  by  double-staining  sections  from  the  brainstem  of 
affected  mice  using  antibodies  to  both  a-synuclein  and 
ubiquitin.  The  lower  prevalence  of  ubiquitin  accumulations 
suggests  that  ubiquitin  accumulation  occurs  after  that  of  a- 
synuclein  and  is  consistent  with  a  prior  study  indicating  that 
the  accumulation  of  a-synuclein  precedes  the  accumulation 
of  ubiquitin  in  these  mice  (Kahle  et  al.,  2001).  Astrocytosis 
is  another  common  indicator  of  neuronal  injury,  and 
immunocytochemical  staining  for  GFAP  showed  a  massive 
increase  in  GFAP  reactivity  throughout  the  brainstem  of 
symptomatic  A3  OP  transgenic  mice.  The  pattern  of  GFAP 
reactivity  is  striking  because  the  distribution  is  much 
broader  than  that  observed  for  a-synuclein  accumulation 
or  phospho-tau  immunoreactivity.  Because  the  Thyl  pro¬ 
moter,  which  is  neuron- specific,  drives  the  human  A3  OP  a- 
synuclein  transgene,  we  hypothesize  that  the  astrocytosis 
occurs  in  response  to  the  neuronal  injury.  The  widespread 
gliosis  suggests  that  the  neuronal  injury  is  either  more 
widespread  than  is  apparent  by  immunocytochemical 
analysis,  determined  with  antibodies  to  a-synuclein,  or  that 
the  injured  neurons  secrete  diffusible  signals,  such  as 
cytokines.  Astrocytosis  has  been  noted  in  another  transgenic 
a-synuclein  mouse  model,  in  MPTP  toxicity  and  in  PD  with 
dementia,  but  is  not  a  prevalent  feature  of  rotenone-induced 
toxicity  or  of  classic  cases  of  Parkinson  disease  (Gomez-Isla 
et  al.,  2003;  Muramatsu  et  al.,  2003;  Tsuchiya  et  al.,  2002). 
The  presence  of  astrocytosis  in  the  a-synuclein  transgenic 
mice  distinguishes  an  important  difference  between  this 
transgenic  mouse  model  of  PD  and  actual  PD  in  humans. 

Our  studies  suggest  that  the  mechanism  of  increased 
phosphorylation  of  tau  may  involve  selective  activation  of 
JNK.  The  kinases  glycogen  synthase  kinase  3  (3»,  CDK5,  and 
c-jun  kinase  are  all  activated  by  oxidative  stress  (Nemoto  et 
al.,  2000;  Shaw  et  al.,  1998;  Strocchi  et  al.,  2003).  JNK,  GSK- 
3f3,  and  CDK5  all  phosphorylate  tau  at  S396  and  S404 
(Godemann  et  al.,  1999;  Paudel,  1997;  Wang  et  al.,  1998).  In 
our  study,  the  increased  tau  phosphorylation  correlated  with 
increased  phosphorylation  of  JNK  but  not  with  phosphor¬ 


ylation  of  GSK-3f3  (at  Tyr216)  or  CDK5.  Interestingly,  we 
also  observed  some  increase  in  phosphorylation  of  GSK-3  (3  at 
Ser9,  which  is  associated  with  reduced  activity  (Wang  et  al., 
1988,  1998).  This  pattern  or  reactivity  differs  somewhat  from 
the  pattern  of  reactivity  seen  in  Alzheimer  disease.  Hyper¬ 
phosphorylation  of  tau  is  associated  with  increased  activity  of 
both  CDK5  and  GSK3|3  in  CNS  neurons  in  Alzheimer 
disease  and  in  Niemann-Pick  disease  (Bu  et  al.,  2002; 
Takashima  et  al.,  1996;  Vincent  et  al.,  1997).  The  identi¬ 
fication  of  JNK  as  a  pathway  that  is  selectively  associated 
with  a-synuclein  pathology  in  the  A3  OP  a-synuclein  mice  in 
vivo  provides  a  useful  tool  for  identifying  the  biochemical 
pathways  associated  with  a-synuclein  pathology.  Our  results 
contradict  findings  by  Hashimoto  et  al.  (2002)  that  show  cells 
overexpressing  a-synuclein  inactivate  JNK  in  response  to 
oxidative  stress.  This  discrepancy  could  reflect  differences 
between  in  vitro  and  in  vivo  studies.  Hashimoto  overex¬ 
pressed  wild-type  a-synuclein  in  cell  culture,  while  we 
utilized  mice  overexpressing  mutant  A3  OP  a-synuclein.  The 
A3  OP  mutation  may  disrupt  the  ability  of  a-synuclein  to 
inactivate  JNK,  or  aggregated  a-synuclein  may  prevent  the 
JNK  inactivation  in  the  animals.  Activation  of  JNK  by  a- 
synuclein  might  explain  how  a-synuclein  pathology  leads  to 
abnormal  phosphorylation  of  tau  in  the  A3  OP  a-synuclein 
mice.  Because  phosphorylation  of  tau  predisposes  tau  to 
aggregation,  the  phosphorylation  could  provide  a  mechanism 
that  contributes  to  the  increased  fibrillization  of  tau  observed 
in  synucleinopathies  (Giasson  et  al.,  2003).  In  addition, 
activation  of  JNK  through  a  transsynaptic  mechanism 
(perhaps  due  to  trophic  withdrawal  or  release  of  reactive 
oxygen  species)  might  also  explain  how  abnormal  phosphor¬ 
ylation  and  fibrillization  of  tau  occur  in  neurons  without  large 
amounts  of  aggregated  a-synuclein,  such  as  is  observed  in 
this  study  and  other  studies  (Giasson  et  al.,  2003). 

Increasing  evidence  suggests  common  mechanisms  of 
neurodegeneration  among  different  diseases.  In  Alzheimer 
disease,  Parkinson  disease,  frontotemporal  dementias,  and 
polyglutamine  disorders  such  as  Huntington  disease,  protein 
aggregation  appears  to  drive  neurodegeneration.  In  each 
case,  in  vitro  studies  show  that  the  proteins  that  accumulate 
have  a  inherent  tendency  to  aggregate  (Conway  et  al.,  1998; 
DiFiglia  et  al.,  1997;  Hong  et  al.,  1998;  Hutton  et  al.,  1998; 
Lewis  et  al.,  2000).  Many  of  these  proteins  have  also  been 
shown  to  stimulate  concomitant  aggregation  of  proteins 
prone  to  aggregate.  Human  tau  aggregates  as  A (3  accumu¬ 
lates  in  vivo,  A (3  stimulates  aggregation  of  a-synuclein,  a- 
synuclein  coaggregates  with  proteins  containing  expanded 
polyglutamine  regions,  and  a-synuclein  stimulates  tau 
aggregation  (Charles  et  al.,  2000;  Furlong  et  al.,  2000; 
Giasson  et  al.,  2003;  Lewis  et  al.,  2001;  Masliah  et  al., 
2001).  In  addition,  the  formation  of  protein  aggregates 
appears  to  stimulate  similar  pathological  reactions,  includ¬ 
ing  formation  of  free  radicals,  activation  of  stress  kinases, 
and  inhibition  of  proteasomal  activity.  In  our  study,  we 
observed  that  the  tau  and  synuclein  pathology  can  occur  at 
spatially  distinct  sites.  Because  formation  of  microaggre- 
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gates  (also  known  as  protofibrils)  and  activation  of  stress 
responses  often  occur  in  parallel,  the  exact  mechanism  of 
tau  pathology  in  the  A3  OP  a-synuclein  mice  remains  to  be 
determined.  However,  our  data  provide  in  vivo  support  for 
the  hypothesis  that  accumulation  and  aggregation  of  a- 
synuclein  can  stimulate  pathological  changes  in  tau  protein. 
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Lewy  bodies  and  other  filamentous  a-synuclein  inclu¬ 
sions  characterize  the  neuropathology  of  Parkinson’s  disease 
and  other  ‘synucleinopathies,’  but  are  also  present  in 
approximately  50%  of  Alzheimer’s  disease  (AD)  cases,  for 
which  tau-immunoreactive  neurofibrillary  tangles  and  13- 
amyloid  deposits  in  senile  plaques  are  the  defining  pathol¬ 
ogies.  Whether  the  a-synuclein  inclusions  in  AD  represent  a 
co-evolving  pathology  or  contribute  to  the  formation  of 
plaques  and  tangles  has  been  a  subject  of  debate.  The  report  of 
Frasier  et  al.,  2004  in  this  issue  demonstrates  that  a-synuclein 
aggregation  can  induce  both  the  fibrillization  and  aberrant 
phosphorylation  of  tau.  Overexpression  of  A3  OP  a-synuclein 
in  a  transgenic  mouse  model  resulted  in  the  appearance  of 
phosphorylated  tau  inclusions.  Tau  phosphorylated  at  AT8 
and  PHF-1  epitopes  was  detected  in  sarkosyl-insoluble  as 
well  as  soluble  fractions.  In  comparison,  transgenic  mouse 
models  of  (3-amyloid  deposition  do  not  result  in  the  formation 
of  insoluble  tau  aggregates  without  the  co-expression  of 
mutant  human  tau.  As  illustrated  by  the  results  of  Frasier  et 
al.,  a-synuclein  inclusions  are  not  innocent  bystanders,  but 
are  potent  inducers  of  tau  pathologies  in  AD  and  other 
synucleinopathies.  This  commentary  will  review  the  evi¬ 
dence  for,  and  implications  of,  this  close  interrelationship 
between  a-synuclein  and  tau  pathologies  in  neurodegener- 
ative  disorders. 

Synucleinopathies  and  tauopathies.  The  identification 
of  mutations  in  a-synuclein  in  some  rare  familial  Parkin¬ 
son’s  disease  cases  (Kruger  et  al.,  1998;  Polymeropoulos  et 
al.,  1997)  led  to  the  identification  of  this  protein  as  a 
principal  component  of  Lewy  bodies  and  related  inclusions 
in  disorders  collectively  referred  to  as  ‘synucleinopathies’ 
[(Spillantini  et  al.,  1997),  for  review,  see  (Jellinger,  2003)]. 
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The  a-synuclein  immunoreactive  Lewy  bodies  and  fila¬ 
mentous  neuritic  aggregates  (Lewy  neurites)  are  found  in 
neurons  in  Parkinson’s  disease,  dementia  with  Lewy  bodies, 
and  in  both  neurons  and  oligodendrocytes  in  Neurodege¬ 
neration  with  Brain  Iron  Accumulation  Type  1  (NBIA1; 
Hallervorden-Spatz  syndrome)  and  multiple  system  atrophy 
(Jellinger,  2003).  In  these  synucleinopathies,  the  sarkosyl- 
insoluble  a-synuclein  is  phosphorylated,  nitrated,  and  often 
ubiquitinated  (Duda  et  al.,  2000;  Hasegawa  et  al,  2002). 

Prior  to  the  discovery  of  its  involvement  in  Parkinson’s 
disease,  a-synuclein  pathology  was  identified  in  AD.  Ueda  et 
al.  (1993)  identified  a  35-amino  acid  peptide  which  repre¬ 
sented  a  non-A(3  component  (NAC)  of  insoluble  amyloid.  The 
corresponding  full-length  140  amino  acid  protein  (NACP) 
was  later  shown  to  be  identical  to  a-synuclein  (Iwai  et  al., 
1995).  The  NAC  sequence,  residues  61  to  95  of  a-synuclein, 
contains  the  domain  required  for  a-synuclein  self-aggregation 
and  is  not  conserved  in  (3-  and  y-synuclein  (Iwai,  2000). 
Subsequent  studies  have  not  found  a  direct  association  of  a- 
synuclein  and  extracellular  A (3,  although  a-synuclein  is 
detected  in  the  dystrophic  neurites  decorating  senile  plaques 
(Bayer  et  al.,  1999;  Culvenor  et  al.,  1999;  Wirths  et  al.,  2000) 
and  as  neuronal  inclusions  in  familial  and  sporadic  AD  cases 
(Kotzbauer  et  al.,  2001;  Lippa  et  al.,  1998). 

Insoluble,  filamentous  neuronal  or  glial  aggregates  of 
hyperphosphorylated  tau  and  neurodegeneration  characte¬ 
rize  ‘tauopathies,’  which  include  AD,  corticobasal  degene¬ 
ration  (CBD),  progressive  supranuclear  palsy  (PSP),  Pick’s 
disease,  and  hereditary  frontotemporal  dementia  and  parkin¬ 
sonism  linked  to  chromosome  17  (FTDP-17)  (for  review  see 
(Lee  et  al.,  2001).  For  the  sporadic  tauopathies  CBD  and 
PSP,  inherited  tau  polymorphisms  that  do  not  influence  the 
amino  acid  sequence  or  splice  sites  influence  susceptibility 
(Baker  et  al.,  1999;  Conrad  et  al.,  1997;  Conrad  et  al.,  2004). 

Six  isoforms  of  tau  are  present  in  the  adult  human  CNS, 
generated  by  alternate  splicing  of  a  single  gene  located  on 
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chromosome  17.  The  tau  isoforms  prevalent  in  the  sarkosyl- 
insoluble  fraction,  and  the  physical  characteristics  of  the  tau 
filaments  formed,  differ  among  the  various  tauopathies 
(Buee  and  Delacourte,  1999).  In  each  of  the  disorders,  the 
insoluble  tau  filaments  are  extensively  phosphorylated  (for 
review  see  (Avila  et  al.,  2004;  Buee  and  Delacourte,  1999). 
Although  30  phosphorylation  sites  have  been  described  on 
the  longest  tau  isoform  (441  amino  acids),  the  few  sites 
within  the  microtubule-binding  domains  appear  to  have  the 
greatest  influence  on  tau  pathology.  Phosphorylation  within 
the  microtubule-binding  domain  (S262,  S285,  S305,  S324, 
S3 52,  and  S3 5 6)  disrupts  tau’s  ability  to  stabilize  micro¬ 
tubules  and  promote  their  assembly.  Following  detachment 
from  microtubules,  tau  may  self-assemble  into  paired  helical 
filaments  (Alonso  et  al.,  2001),  a  process  facilitated  by 
polyanions  and  lipids  (Barghom  and  Mandelkow,  2002; 
Gamblin  et  al.,  2000;  Goedert  et  al.,  1996).  However,  the 
relationship  between  the  tau  phosphorylation  and  aggrega¬ 
tion  is  unclear.  Tau  hyperphosphorylation  may  promote  its 
aggregation  into  paired  helical  filaments  (Alonso  et  al., 
2001),  or  may  inhibit  PHF  assembly  (Schneider  et  al., 
1999),  depending  on  the  oxidation  state  or  other  conditions 
(Gamblin  et  al.,  2000;  Gomez-Ramos  et  al.,  2004;  Schweers 
et  al.,  1995).  Tau  phosphorylation  is  sequential,  with  some 
epitopes  (T231,  S262,  T153)  being  phosphorylated  in  pre¬ 
tangle  inclusions,  and  additional  epitopes  being  phosphory¬ 
lated  in  intracellular  and  extracellular  NFTs  (Augustinack 
et  al.,  2002).  Additional  tangle-related  tau  epitopes  are 
conformation  dependent  and  recognized  by  the  MCI  and 
Alz-50  antibodies  (Weaver  et  al.,  2000).  Normal  tau  can  be 
phosphorylated  at  many  of  the  same  sites  as  PHF  tau  in  situ. 
However,  normal  tau  is  rapidly  dephosphorylated  postmor¬ 
tem  in  contrast  to  PHF  tau  (Matsuo  et  al.,  1994;  Schwab 
et  al.,  1994)  which  is  more  extensively  phosphorylated. 

Overlap  between  tauopathies  and  synucleinopathies. 
Although  early  studies  suggested  a  clear  distinction  between 
‘tauopathies’  and  ‘synucleinopathies’  (Harrington  et  al., 
1994;  Strong  et  al.,  1995),  more  recent  studies  demonstrate 
that  there  is  often  an  overlap  in  the  clinical  symptoms  and 
pathological  findings  in  these  disorders.  Tau-immunoreac- 
tive  pathology  has  been  found  in  each  of  the  synucleino¬ 
pathies.  The  incidence  of  NFTs  in  Parkinson’s  disease  is 
much  greater  than  in  an  age-matched  population  (Boiler 
et  al.,  1980).  Tau-immunoreactive  Lewy  bodies  are 
detected  in  the  medulla  of  80%  of  individuals  with  sporadic 
Parkinson’s  disease  or  dementia  with  Lewy  bodies,  where 
tau  is  often  localized  towards  the  periphery  of  the  Lewy 
body  (Arima  et  al.,  1999;  Ishizawa  et  al.,  2003).  In  familial 
PD,  tau  lesions  and  insoluble  tau  filaments  have  been 
detected  in  brain  tissue  obtained  at  autopsy  from  two 
members  of  the  Contursi  kindred  with  the  A53T  a-synuclein 
mutation  (Duda  et  al.,  2002;  Kotzbauer  et  al.,  2004).  Tau- 
immunoreactive  NFT’s  can  also  be  found  in  NBIA1  (Saito 
et  al.,  2000).  In  multiple  system  atrophy,  hyperphosphory- 
lated  tau  is  associated  with  a  subset  of  the  glial  cytoplasmic 


inclusions,  where  tau  appears  to  decorate  the  a-synuclein 
aggregates  (Giasson  et  al.,  2003b). 

In  AD,  Lewy  bodies  composed  largely  of  a-synuclein  are 
detected  in  up  to  60%  of  sporadic  cases  where  they  are 
found  most  frequently  in  the  amygdala  (Arai  et  al.,  2001; 
Hamilton,  2000;  Parkkinen  et  al.,  2003).  Similarly,  amyg¬ 
dala  Lewy  bodies  are  found  in  63%  of  familial  AD  and  50% 
of  aged  Down  syndrome  cases  (Lippa  et  al.,  1998,  1999). 
Additional  non-Lewy  body  a-synuclein-positive  inclusions 
are  most  prevalent  in  the  hippocampus  of  AD  cases,  a 
region  in  which  few  Lewy  bodies  are  typically  found  (Arai 
et  al.,  2001).  Of  interest  is  that  some  neurons  appear  to  have 
predilection  to  develop  Lewy  bodies,  while  other  neurons 
are  more  susceptible  to  NFTs.  In  neurons  vulnerable  to 
Lewy  bodies,  tau  immunoreactivity  is  localized  towards  the 
periphery  of  the  lesion.  In  neurons  prone  to  develop  NFTs, 
the  a-synuclein  immunoreactive  inclusions  are  smaller  than 
Lewy  bodies.  Rare  examples  of  filaments  containing  both 
tau  and  a-synuclein  have  been  identified,  but  in  most  cases, 
the  two  proteins  are  segregated  to  distinct  filaments. 

In  tauopathies  other  than  AD,  a-synuclein  inclusions 
have  only  rarely  been  found.  In  a  report  from  Takeda  et  al. 
(2000),  an  antibody  against  the  C-terminus  of  a-synuclein 
immunostained  neuronal  and  glial  tau  inclusions  in  CBD, 
PSP,  and  Pick’s  disease  following  protease  K  pretreatment 
of  paraffin  sections,  However,  antibodies  against  other 
domains  of  a-synuclein  were  negative.  Tsuboi  et  al. 
(2003)  identified  mild  a-synuclein  pathology  in  the  anterior 
olfactory  nucleus  in  a  small  subset  of  individuals  with  PSP. 
These  rare  reports  of  a-synuclein  pathology  in  tauopathies 
contrast  with  the  almost  ubiquitous  presence  of  tau 
pathology  in  synucleinopathies. 

Transgenic  models.  The  frequent  co-localization  of  a- 
synuclein  and  tau  immunoreactivity  in  synucleinopathies 
and  AD  could  reflect  a  synergistic  relationship  between  the 
two  proteins  in  promoting  pathology,  influence  of  a 
common  underlying  mechanism  on  the  two  proteins,  or 
the  effects  of  independent  age-related  mechanisms.  Trans¬ 
genic  mouse  models  of  both  tauopathies  and  synucleino¬ 
pathies  have  provided  important  insights  into  the 
relationship  between  tau  and  a-synuclein. 

Overexpression  of  familial  AD  mutations  in  mice, 
including  amyloid  precursor  protein  (APP),  presenilin  1 
(PS1),  and  presenilin  2,  has  resulted  in  several  excellent 
models  of  senile  plaque  pathology  (Gotz  et  al.,  2004),  but 
not  in  neurofibrillary  tangles  or  a-synuclein  deposits. 
Phosphorylated  tau  epitopes  can  be  detected  in  dystrophic 
neurites  near  the  A(3  deposits  (Kurt  et  al.,  2003;  Moechars 
et  al.,  1999;  Sturchler-Pierrat  et  al.,  1997),  but  there  is  no 
evidence  of  the  formation  of  insoluble  tau  filaments  (Xu 
et  al.,  2002).  Transgenic  mice  expressing  human  mutant  tau 
display  many  aspects  of  tau  pathology  in  AD  and  other 
tauopathies,  including  the  appearance  of  straight  or  helical 
filaments,  hyperphosphorylation,  and  ubiquitination  (for 
review,  see  (Gotz  et  al.,  2004;  Lee  et  al.,  2001).  However, 
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inclusions  of  a-synuclein  or  accumulations  of  |3-amyloid 
have  not  been  identified  in  any  of  the  tau/FTDP-17  single- 
transgenic  models. 

Overexpression  of  mutant  human  A53T  or  A3  OP,  but  not 
wild-type  a-synuclein,  in  mice  results  in  the  appearance  of 
detergent  insoluble  a-synuclein,  cytoplasmic  inclusions,  and 
motor  dysfunction  (Giasson  et  ah,  2003 a, b;  Kahle  et  al, 
2001;  Lee  et  ah,  2002;  Sampathu  et  al,  2003).  Within  the 
inclusions,  a-synuclein  is  phosphorylated  and  often  ubiq- 
uitinated  (Giasson  et  al.,  2002;  Neumann  et  al.,  2002), 
closely  resembling  a-synuclein  inclusions  in  human  synu- 
cleinopathies.  Approximately  half  of  the  brains  from  one 
line  of  symptomatic  A53T  mice  exhibited  tau-immunor- 
eactive  inclusions  in  the  form  of  threads,  grains,  spheroids, 
and  pre-tangle  neurons  (Giasson  et  al.,  2003a).  These  were 
occasionally  co-localized  with  a-synuclein  inclusions  in 
affected  regions  (pons,  midbrain,  spinal  cord),  but  could 
also  be  found  independent  of  a-synuclein  pathology.  The 
tau  inclusions  were  detected  using  a  rabbit  polyclonal 
antibody  that  does  not  provide  information  on  tau  phos¬ 
phorylation,  and  the  solubility  of  tau  was  not  evaluated. 

The  Frasier  et  al.  study  in  this  issue  is  the  first  to 
demonstrate  the  appearance  of  phosphorylated,  sarkosyl- 
insoluble,  tau  in  a  transgenic  mouse  model  of  synuclein- 
opathy  (Frasier  et  al.,  2004).  Mice  overexpressing  A30P 
a-synuclein  and  symptomatic  for  motor  abnormalities 
developed  tau-immunoreactive  inclusions  and  detergent- 
insoluble  tau  that  were  immunoreactive  with  PHF-1 
(pS396/S404  epitope)  and  AT8  (pS202/T205  epitope) 
antibodies.  The  neurons  that  accumulated  tau  inclusions 
were  spatially  distinct  from  those  exhibiting  a-synuclein 
inclusions,  although  some  of  the  PHF-1 -positive  neurons 
exhibited  punctate  a-synuclein  immunoreactivity.  This  is 
similar  to  human  synucleinopathies  and  AD,  where 
neurons  appear  to  show  a  predilection  for  either  a- 
synuclein  or  tau  pathology. 

Tau  pathology  in  P301L  transgenic  mice  is  observed 
primarily  in  the  brainstem  and  spinal  cord.  However,  when 
P301L  tau  is  expressed  along  with  hAPP  in  double-  or  triple 
(hAPP/hPSl/htau)  transgenic  models,  both  plaque  and 
tangle-like  structures  are  detected  in  the  cortex  and  hippo¬ 
campus  (Lewis  et  al.,  2001;  Oddo  et  al.,  2003).  The  tangle¬ 
like  tau  inclusions  are  not  localized  to  the  vicinity  of  the  13- 
amyloid  deposits,  but  in  neurons  that  project  to  the  deposits 
(Lewis  et  al.,  2001;  Oddo  et  al.,  2003).  These  studies 
provide  strong  support  for  the  amyloid  cascade  hypothesis 
(Hardy  and  Higgins,  1992)  and  demonstrate  that  A|3  not 
only  facilitates  the  development  of  tau  pathology,  but  also 
shifts  the  localization  of  the  tau-immunoreactive  lesions  to 
limbic  and  cortical  areas  that  did  not  exhibit  tangles  in 
singly  transgenic  P301L  mice.  Similarly,  in  double  trans¬ 
genic  mice  expressing  wild  type  human  a-synuclein  and 
wild-type  human  APP,  a-synuclein  inclusions  are  detected 
in  neocortical  regions  in  contrast  to  their  brain  stem 
localization  in  mice  overexpressing  wild  type  human  a- 
synuclein  (Masliah  et  al.,  2001).  This  is  similar  to  the  results 


obtained  with  mice  expressing  hAPP  and  P301L  tau  (Lewis 
et  al.,  2001;  Oddo  et  al.,  2003)  and  demonstrates  that  13- 
amyloid  can  enhance  both  a-synuclein  and  tau  pathology, 
and  shift  the  lesions  to  limbic  and  cortical  structures. 
Conversely,  a-synuclein  and  tau  overexpression  does  not 
alter  |3-amyloid  pathology. 

Similarities  between  a-synuclein,  tau,  and  /3-amyloid. 
Tau  and  a-synuclein  share  many  physical  and  biochemical 
properties  (Dickson,  1999;  Lee  et  al.,  2004).  Both  are 
natively  unfolded,  heat  stable  proteins  (Syme  et  al.,  2002). 
Both  are  abundant  in  neurons  and  enriched  in  presynaptic 
locations,  with  tau  being  prevalent  in  axons  (Binder  et  al., 
1985)  and  a-synuclein  localized  to  presynaptic  terminals 
(Iwai  et  al.,  1995).  Both  proteins  aggregate  through  their 
hydrophobic  domains  that  form  the  core  of  the  resultant 
fibrils  (Giasson  et  al.,  2001;  Ksiezak-Reding  and  Yen, 
1991).  The  fibrils  formed  from  both  proteins  exhibit 
protease  resistance  and  sarkosyl  insolubility.  Moreover,  the 
insoluble  fibrils  of  both  proteins  are  hyperphosphorylated 
(Grundke-Iqbal  et  al.,  1986;  Hasegawa  et  al.,  2002;  Ihara 
et  al.,  1986),  nitrated  (Horiguchi  et  al.,  2003),  and  more 
mature  forms  of  the  aggregated  fibrils  are  ubiquitinated 
(Hasegawa  et  al.,  2002;  Iqbal  et  al.,  1998).  Tau  fibrillization 
can  be  induced  by  a-synuclein,  but  not  by  |3-  or  y- 
synuclein,  and  tau  can  enhance  a-synuclein  fibrillization 
in  vitro.  Following  co-incubation  of  tau  and  a-synuclein, 
homopolymers  of  10-15  nm  filaments  predominate 
although  co-polymers  can  be  detected  (Giasson  et  al., 
2003a). 

Oligomeric  aggregates  of  a-synuclein  have  properties 
similar  to  oligomers  of  amyloid  |3-protein.  Both  are 
recognized  by  a  polyclonal  antibody  developed  against 
A|3  oligomers,  and  fibrillar  forms  of  both  proteins  contain 
|3-pleated  sheets  (Kayed  et  al.,  2003).  When  applied  to  cell 
membranes,  oligomers  of  both  proteins  form  pores  that 
resemble  those  caused  by  bacterial  toxins  such  as  lysozyme, 
and  result  in  increased  membrane  conductance,  possibly  due 
to  membrane  permeabilization  (Glabe  et  al.,  2004;  Lashuel 
et  al.,  2002). 

Other  amyloidogenic  proteins.  With  physical  proper¬ 
ties  of  a-synuclein  aggregates  resembling  aspects  of  both 
tau  and  |3-amyloid,  which  property  is  responsible  for  the  tau 
aggregation  and  phosphorylation  observed  in  the  A3  OP 
transgenic  mice?  Hints  are  obtained  from  other  amyloido¬ 
genic  proteins,  including  prion  proteins  and  the  aBri  protein 
which  accumulates  in  familial  British  dementia. 

Prion  proteins  and  aBRi  can  form  soluble  oligomers 
similar  to  those  formed  by  |3-amyloid  and  a-synucleinand 
cause  similar  toxicity  in  cultured  cells  (El-Agnaf  et  al., 
2001;  Kayed  et  al.,  2003;  Srinivasan  et  al.,  2004).  a- 
Synuclein  immunoreactive  deposits  are  found  close  to,  but 
not  co-localized  with,  prion  aggregates  in  several  animal 
and  human  prion  disorders  (Haik  et  al.,  2002).  One  familial 
prion  disorder,  Gerstmann-Straussler-Scheinker  syndrome 
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(GSS),  is  associated  with  prion-immunoreactive  cerebral 
amyloid  deposits  and  with  neurofibrillary  tangles  in  some 
families  (Ghetti  et  ah,  1994;  Ishizawa  et  ah,  2002).  Familial 
British  dementia  is  a  rare  form  of  cerebral  amyloidosis 
caused  by  a  mutation  in  the  stop  codon  for  the  BRI  gene, 
resulting  in  accumulation  of  the  abnormal  C-terminal 
amyloidogenic  fragment  ABri  (Kim  et  al.,  1999).  Tau- 
positive  neurofibrillary  tangles  and  neuropil  threads  are 
found  in  the  brain  regions  that  accumulate  ABri  (Holton 
et  al.,  2001),  but  the  presence  or  absence  of  a-synuclein 
aggregates  has  not  been  evaluated.  Together,  these  results 
indicate  that  amyloidogenic  proteins  other  than  A  (3  can 
induce  both  tau  and  a-synuclein  pathology. 

Summary,  conclusions,  and  speculation.  The  report  of 
Frasier  et  al.,  2004  in  this  issue,  combined  with  previous 
studies,  demonstrate  that  a-synuclein  aggregation  is  a  potent 
inducer  of  tau  aggregation  and  tau  phosphorylation.  Tau 
pathology  has  been  identified  in  each  of  the  synucleino- 
pathies  and  in  transgenic  mouse  models  of  these  disorders. 
The  tau  pathology  observed  in  the  A3  OP  mouse  was  greater 
than  that  detected  in  any  of  the  hAPP  transgenic  models  that 
do  not  also  express  human  tau,  leading  to  the  conclusion 
that  a-synuclein  is  a  more  potent  inducer  of  tau  pathology 
than  (3-amyloid. 

The  potency  of  a-synuclein  as  a  promoter  of  tau 
pathology  may  reflect  both  its  tau-like  and  A  (3-like 
properties.  In  vitro,  a-synuclein  can  promote  tau  aggrega¬ 
tion  and  can  also  aggregate  into  oligomers  that  form 
annular  pore-like  protofibrils,  similar  to  A (3,  prion  protein, 
and  ABri  (Sokolowski  et  al.,  2003).  Intracellular  accumu¬ 
lations  of  each  of  these  proteins  are  associated  with  the 
formation  of  neurofibrillary  tangles  composed  of  tau 
protein.  Prion  and  A (3  aggregates  are  also  associated  with 
a-synuclein  pathology,  in  the  form  of  Lewy  bodies  or 
other  inclusions. 

The  presence  of  tau  pathology  in  each  of  the  a- 
synucleinopathies,  and  the  presence  of  both  tau  and  a- 
synuclein  pathology  in  most  disorders  associated  with  the 
intracellular  or  extracellular  accumulation  of  amyloidogenic 
proteins,  leads  to  the  conclusion  that  a-synuclein  aggregates 
play  an  essential  role  in  the  development  of  tau  pathology. 
One  argument  against  this  is  that  a-synuclein  inclusions 
have  not  been  found  in  all  AD  cases,  although  they  are 
identified  in  up  to  60%  of  both  sporadic  and  familial  AD 
cases.  However,  increasing  evidence  suggests  that  the 
oligomers  of  a-synuclein  represent  the  toxic  form  (el-Agnaf 
and  Irvine,  2002;  Lashuel  et  al.,  2002),  with  larger 
aggregates  possibly  being  protective.  This  is  strikingly 
similar  to  the  role  of  oligomers  in  (3-amyloid  toxicity  (Klein 
et  al.,  2001).  As  noted  by  Frasier  et  al,  phosphorylated  tau 
inclusions  in  A3  OP  a-synuclein  mice  were  detected  in 
neurons  in  which  a-synuclein  aggregates  were  either 
punctate  or  not  detected.  Neurons  that  contained  larger  a- 
synuclein  inclusions  did  not  exhibit  the  phosphorylated  tau 
inclusions.  Oligomeric  forms  of  a-synuclein  are  likely  not 


detected  in  AD,  suggesting  that  a-synuclein  may  contribute 
to  tau  pathology  even  in  cases  in  which  larger  a-synuclein 
inclusions  are  not  found. 

It  is  tempting  to  speculate  on  the  mechanisms  linking  the 
a-synuclein,  tau,  and  A (3  pathologies.  One  attractive 
possibility  mentioned  briefly  by  Frasier  et  al.,  2004  is 
proteasome  inhibition.  (3-amyloid,  tau,  and  a-synuclein  can 
each  be  degraded  via  the  26S  proteasome,  and  their 
aggregates  can  inhibit  proteasome  activity  (Bennett  et  al., 
1999;  Gregori  et  al.,  1995;  Keck  et  al.,  2003;  Lindersson  et 
al.,  2004;  Lopez  Salon  et  al.,  2003).  Recently,  Oddo  et  al. 
(2004)  elegantly  demonstrated  that  removal  of  (3-amyloid 
deposits  by  immunotherapy  also  allows  phosphorylated  tau 
in  early  stage  tangles  to  be  degraded  via  the  proteasome. 
There  is  also  ample  evidence  linking  proteasome  inhibition 
to  the  accumulation  and  aggregation  of  a-synuclein 
(McNaught  et  al.,  2004;  Rideout  et  al.,  2001).  Proteasome 
inhibition  also  results  in  the  activation  of  c-jun  N-terminal 
kinase  (JNK)  (Ishizawa  et  al.,  2004;  Sang  et  al.,  2002), 
implicated  by  Frasier  et  al.,  2004  in  the  tau  phosphorylation 
observed  in  A3  OP  mice.  In  addition  to  the  a-synuclein 
mutations,  mutations  in  other  components  of  the  ubiquitin- 
proteasome  system,  such  as  parkin  and  ubiquitin  C-terminal 
hydrolase  LI,  are  associated  with  familial  PD  and  the 
accumulation  of  a-synuclein  (Kitada  et  al.,  1998;  Liu  et  al., 
2002). 

Together,  the  above  results  suggest  the  following 
model.  Deposits  of  A(3  and  similar  proteins  result  in 
proteasome  inhibition,  leading  to  the  accumulation  of  a- 
synuclein  and  tau,  and  JNK  activation.  a-Synuclein 
aggregation  facilitates  tau  fibrillization,  although  the 
spatial  separation  of  a-synuclein  and  tau  pathologies  in 
the  A3  OP  mice  and  in  synucleinopathies  suggests  that 
small  oligomers  of  a-synuclein  may  be  the  primary  culprit. 
The  a-synuclein  oligomers  cause  further  proteasome 
inhibition  and  impair  cellular  transport,  exacerbating  tau 
accumulation  and  promoting  the  aggregation  of  tau  into 
filamentous  structures. 

In  summary,  inclusions  of  a-synuclein  in  human 
disorders  and  transgenic  animal  models,  in  the  presence  or 
absence  of  (3-amyloid  or  similar  proteins,  are  invariably 
associated  with  tau  pathologies.  In  contrast,  tau  inclusions  in 
FTDP-17  tauopathies  and  related  animal  models  do  not 
result  in  the  accumulation  of  (3-amyloid  and  only  rarely  are 
associated  with  a-synuclein  pathology.  Together,  the  results 
demonstrate  that  a-synuclein  aggregates  are  potent  inducers 
of  tau  pathologies  in  synucleinopathies,  including  the  most 
prevalent  synucleinopathy-AD. 
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Molecular  chaperones,  ubiquitin  ligases  and  proteasome  impairment  have  been  implicated  in  several 
neurodegenerative  diseases,  including  Alzheimer’s  and  Parkinson’s  disease,  which  are  characterized  by 
accumulation  of  abnormal  protein  aggregates  (e.g.  tau  and  a-synuclein  respectively).  Here  we  report  that 
CHIP,  an  ubiquitin  ligase  that  interacts  directly  with  Hsp70/90,  induces  ubiquitination  of  the  microtubule 
associated  protein,  tau.  CHIP  also  increases  tau  aggregation.  Consistent  with  this  observation,  diverse  of  tau 
lesions  in  human  postmortem  tissue  were  found  to  be  immunopositive  for  CHIP.  Conversely,  induction  of 
Hsp70  through  treatment  with  either  geldanamycin  or  heat  shock  factor  1  leads  to  a  decrease  in  tau  steady- 
state  levels  and  a  selective  reduction  in  detergent  insoluble  tau.  Furthermore,  30-month-old  mice 
overexpressing  inducible  Hsp70  show  a  significant  reduction  in  tau  levels.  Together  these  data  demonstrate 
that  the  Hsp70/CHIP  chaperone  system  plays  an  important  role  in  the  regulation  of  tau  turnover  and  the 
selective  elimination  of  abnormal  tau  species.  Hsp70/CHIP  may  therefore  play  an  important  role  in  the 
pathogenesis  of  tauopathies  and  also  represents  a  potential  therapeutic  target. 


INTRODUCTION 

Neurodegenerative  diseases  as  diverse  as  Alzheimer’s  disease 
(AD)  and  Parkinson’s  disease  (PD)  share  an  obvious  common 
feature — aggregation  and  accumulation  of  abnormal  proteins. 
A  large  group  of  these  diseases,  known  as  the  tauopathies,  are 
characterized  by  filamentous  lesions  in  neurons  and  sometimes 
in  glia  that  are  composed  of  aggregates  of  hyperphosphorylated 
microtubule-associated  protein  tau  (tau). 

Tau  promotes  microtubule  (MT)  assembly,  reduces  MT 
instability  and  plays  a  role  in  maintaining  neuronal  integrity 
and  axonal  transport  (1,2).  Human  tau  protein  is  encoded  by 
a  single  gene  on  chromosome  17q21  that  consists  of  16  exons, 
and  central  nervous  system  isoforms  are  generated  by 
alternative  splicing  involving  1 1  of  these  exons  (3-7).  Tau  is  a 


phosphoprotein,  predominantly  expressed  in  neurons,  where  it 
is  largely  localized  in  axons  (8).  During  the  development  of  tau 
pathology,  tau  becomes  hyperphosphorylated,  detaches  from 
the  axonal  microtubules  and  aggregates.  The  abnormal  tau 
eventually  accumulates  in  filamentous  inclusions  within 
neuronal  cell  bodies  and  processes.  The  precise  sequence  of 
events  and  the  mechanisms  involved  in  this  process  are  not 
fully  understood,  but  it  is  clear  that  abnormal  tau  accumulation 
and  aggregation  are  sufficient  to  cause  neurodegeneration.  This 
in  turn  leads  progressively  to  the  onset  of  clinical  symptoms. 
The  primary  tauopathies  include  Pick’s  disease  (PiD),  cortico- 
basal  degeneration  (CBD),  progressive  supranuclear  palsy 
(PSP)  and  frontotemporal  dementia  and  parkinsonism  linked 
to  chromosome  17  (FTDP-17).  Tau  also  accumulates  in  AD, 
where  where  the  tau  neurofibrillary  pathology  (e.g.  tangles  and 
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neuropil  threads)  occurs  with  a  second  protein  aggregate,  the 
amyloid  plaque.  The  identification  of  exonic  and  intronic  tau 
gene  mutations  associated  with  FTDP-17  established  that  tau 
dysfunction  can  cause  neurodegeneration  (9-11). 

Unfolded  or  misfolded  protein  generated  under  diverse 
conditions  must  be  either  refolded  by  molecular  chaperones, 
for  instance  Hsc/Hsp70  and  Hsp40,  or  eliminated  by  the  ubi- 
quitin  proteasomal  system  (UPS)  through  an  energy-dependent 
process  and  concerted  action  of  a  number  of  molecules, 
including  specific  ubiquitin  ligases.  CHIP  (carboxyl  terminus 
of  the  Hsc70-interacting  protein)  is  a  molecule  with  dual 
function:  (i)  a  co-chaperone  of  Hsp70  linked  through  the 
tetratricopeptide  repeat  (TPR)  domain  of  CHIP;  and  (ii) 
possessing  intrinsic  E3  ubiquitin  ligase  activity  (U-box  domain) 
which  promotes  ligation/chain  elongation  for  substrates  (12-16). 
It  is  structurally  similar  to  RING  finger  motifs  typical  of  E3 
ligases,  like  parkin.  CHIP  interacts  functionally  and  physically 
with  the  stress-responsive  ubiquitin-conjugating  (E2  conjugase) 
enzyme  family  UBCH5.  Thus  CHIP  is  a  bona  fide  ubiquitin 
ligase  which  provides  a  direct  link  between  the  chaperone  and 
UPS  and  has  been  suggested  to  contribute  in  regulating  the 
cellular  balance  between  folding  and  degradation  (17). 

Recently,  Imai  et  al.  (18,19)  showed  that  CHIP,  Hsp70, 
parkin  and  PAELR  formed  a  complex  in  vitro  and  in  vivo. 
Unfolded  PAELR  is  a  substrate  of  the  E3  ubiquitin  ligase 
parkin  and  accumulation  of  non-ubiquitinated  PAELR  in  the 
endoplasmic  reticulum  (ER)  of  dopaminergic  neurons  induces 
ER  stress,  leading  to  neurodegeneration  (19).  CHIP  promo¬ 
tes  the  dissociation  of  Hsp70  from  parkin  and  PAELR,  thus 
facilitating  parkin-mediated  PAELR  ubiquitination.  Moreover, 
CHIP  enhances  parkin-mediated  in  vitro  ubiquitination  of 
PAELR  in  the  absence  of  Hsp70.  CHIP  also  enhances  the 
ability  of  parkin  to  inhibit  cell  death  induced  by  PAELR  (18). 

The  role  of  the  chaperones  Hsp70/90  in  tau  biology  has 
previously  been  examined  by  Dou  et  al.  (20),  who  found  an 
inverse  relationship  between  tau  aggregation  and  chaperone 
levels.  Specifically,  transgenic  mice  harboring  the  V337M  tau 
mutation,  which  develop  hippocampal  tau  aggregates,  had 
lower  levels  of  Hsp90  than  control  mice,  suggesting  that  Hsp90 
might  be  degraded  along  with  aggregated  tau.  In  addition,  a 
small  number  of  neurons  in  the  hippocampus  that  were  devoid 
of  aggregated  tau  were  observed  to  have  significantly  higher 
levels  of  Hsp90.  The  same  relationship  between  Hsp90  and 
Hsp70  and  tau  aggregates  in  post-mortem  samples  from  a 
single  human  AD  brain  were  also  reported  (20). 

In  cell  cultures  transfected  with  tau  constructs  increased 
levels  of  both  Hsp70  and  90,  induced  by  treatment  with 
geldanamycin,  led  to  an  ~80%  reduction  in  levels  of 
aggregated,  detergent-insoluble  tau.  This  reduction,  however, 
was  not  accompanied  by  a  decrease  in  total  tau  levels,  but 
rather  by  a  redistribution  of  tau  from  the  insoluble  fraction  to 
the  soluble  fraction.  The  increased  levels  of  soluble  tau  were 
accompanied  by  an  increase  in  microtubule-bound  tau. 
Reduction  of  Hsp70  or  Hsp90  by  RNAi  caused  the  levels  of 
the  microtubule-bound  tau  to  decrease  (20). 

Overall,  these  studies  suggest  that  abnormal  tau  accumula¬ 
tion  might  be  associated  with  perturbation  of  the  major  com¬ 
ponents  of  the  cellular  protein  quality  control  machinery — 
molecular  chaperones  and  the  UPS.  Hsp70/90  and  other 
chaperones  identify  proteins  that  require  proper  folding, 


whereas  aberrant  unfolded  proteins  are  directed  to  the  UPS. 
CHIP  is  a  ubiquitin  E3  ligase  that  is  involved  in  ubiquitination 
of  Hsp70-bound  proteins;  this  generally  results  in  their 
targeting  to  the  proteasome.  This  is  a  tandem  event  (chaperone 
and  UPS  activity)  such  that  perturbation  in  either  of  these 
systems  might  play  a  role  in  tau  accumulation.  Moreover, 
evidence  suggests  that  the  Hsp70/90  chaperones  and  ubiquitin 
ligases  are  neuroprotective  and  can  suppress  the  toxicity 
associated  with  abnormal  protein  accumulation  in  Drosophila 
and  mouse  models  of  disease  (21-24). 

In  the  present  study  we  examined  the  relationship  between 
CHIP/Hsp70  and  tau  and  the  role  of  this  chaperone  system  in 
tau  degradation,  ubiquitination  and  aggregation.  We  show  that 
CHIP  associates  with  tau  through  the  microtubule-binding 
domain,  is  able  to  ubiquitinate  tau  and  increases  the  level  of 
insoluble  aggregated  tau.  In  addition,  a  diversity  of  neuronal 
and  glial  tau-related  lesions  in  several  neurodegenerative 
disorders  have  CHIP  immunoreactivity.  This  suggests  that 
CHIP  may  play  a  role  in  the  formation  of,  or  cellular  response 
to,  fibrillary  tau  lesions.  Hsp70  also  binds  to  tau,  but  has 
opposing  effects.  Hsp70  decreases  tau  steady-state  levels  and 
selectively  reduces  insoluble  and  hyperphosphorylated  tau 
species.  Together,  these  data  suggest  that  the  Hsp70-CHIP 
chaperone  system  plays  an  important  role  in  tau  biology  and  in 
the  pathogenesis  of  tauopathies. 


RESULTS 

CHIP  interacts  with  tau 

Because  Hsp70  is  known  to  interact  with  tau,  the  major  protein 
species  in  neurofibrillary  pathology,  we  investigated  whether 
the  Hsp70  co-chaperone  CHIP,  an  E3  ubiquitin  ligase,  was  able 
to  interact  with  and  ubiquitinate  tau.  Although  CHIP  has 
several  known  substrates,  none  of  these  have  been  associated 
with  neurodegenerative  disease. 

To  determine  if  CHIP  and  tau  interact  we  first  conducted  co- 
immunoprecipitation  experiments.  Myc-tagged  CHIP,  parkin 
and  Hsp70  were  separately  co-transfected  with  V5 -tagged  tau 
into  HEK293  cells  and  then  immunoprecipitation  was 
performed  with  the  V5  antibody.  Detection  of  co-immunopre- 
cipitating  species  was  performed  by  western  blotting  with  the 
Myc-tag  antibody.  Tau  was  found  to  co-immunoprecipitate 
with  CHIP  and  Hsp70  (Fig.  1A).  Tau  also  co-immunoprecipi- 
tated  with  parkin,  an  E3  ligase  associated  with  autosomal 
recessive  juvenile  parkinsonism  (25).  This  was  not  surprising 
given  that  parkin  has  previously  been  shown  to  interact  with 
CHIP  and  that  there  is  considerable  structural  homology 
between  these  two  E3  ligases.  To  determine  whether  CHIP  and 
tau  interact  in  vivo ,  we  performed  co-immunoprecipitation 
using  an  antibody  against  CHIP  in  brain  homogenates  from 
transgenic  mice  (JNPL3  line)  expressing  mutant  (P301L)  tau 
(26).  Western  blot  analysis  was  then  performed  with  an  anti¬ 
body  against  tau  (Fig.  IB).  Tau  co-immunoprecipitated  with 
CHIP  (Fig.  IB).  These  data  clearly  support  the  physiological 
and  potential  pathological  relevance  of  the  observed  CHIP-tau 
interaction. 

Using  co-immunoprecipitation  and  in  vitro  binding  assays, 
we  next  examined  which  regions  of  CHIP  are  necessary  for  the 
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Figure  1.  Tau  associates  with  CHIP.  (A)  Interaction  of  Tau  with  CHIP,  Hsp70  and  parkin.  Lysates  from  HEK293  cells  transfected  with  an  LacZ  vector  (Control), 
myc-tagged  CHIP,  myc-tagged  Hsp70  or  myc-tagged  parkin  and  V5 -tagged  tau  were  immunoprecipitated  with  anti-V5  antibody.  Immunoprecipitates  (IP)  and  total 
soluble  lysates  (total  lysate)  were  analyzed  by  western  blotting  (WB).  (B)  In  vivo  interaction  of  tau  with  CHIP  in  brain  tissue.  Mouse  brain  tissue  from  P301L 
transgenic  mice  (JNPL3)  was  homogenized  as  described  in  Experimental  Procedures.  The  supernatant  fractions  were  immunoprecipitated  with  anti-CHIP 
(CHIP),  anti-El  (+)  or  an  irrelevant  (— )  polyclonal  antibody.  The  co-precipitated  tau  was  detected  by  western  blotting  using  Tau5.  An  asterisk  indicates  the 
IgG  light  chain.  The  arrow  indicates  native  tau  species. 


interaction  with  tau.  CHIP  contains  two  major  structural 
motifs — a  TPR  motif  and  a  U-box  domain.  The  TPR  motif 
is  required  for  interaction  with  Hsc70  and  Hsp90,  while  the 
U-box  domain  has  ubiquitin  ligase  activity  (Fig.  2A).  To 
determine  the  site  of  interaction  of  CHIP  with  tau,  we  moni¬ 
tored  the  interaction  of  tau  with  these  two  domains  of  CHIP. 
The  TPR  mutant  (Cl;  1-189  amino  acids)  and  U-box  mutant 
(C2;  145-303  amino  acids)  both  failed  to  bind  to  tau;  in 
contrast,  full-length  CHIP  bound  strongly  to  tau  (Fig.  2C). 
Although  these  results  did  not  reveal  a  specific  binding  domain 
of  CHIP  with  tau,  it  is  conceivable  that  the  interaction  with  tau 
requires  both  domains,  as  might  be  expected  if  complex 
formation  with  Hsp70  is  required  for  the  tau-CHIP  interaction, 
or  one  of  these  domains  and  a  third  undefined  region  of  CHIP. 
A  series  of  truncated  tau  constructs  were  also  generated 
to  determine  the  domain  of  tau  that  interacted  with  CHIP 
(Fig.  2B).  These  experiments  demonstrated  that  residues  1 87— 
311  contain  the  region  of  the  tau  protein  necessary  for 
interaction  with  CHIP.  This  includes  the  microtubule  binding 
domains  and  the  region  immediately  N-terminal  (Fig.  2C). 

CHIP  ubiquitinates  tau 

To  ascertain  whether  CHIP  or  parkin  ubiquitinates  tau,  HEK293 
cells  were  transfected  with  myc-tagged  parkin  or  myc-tagged 


CHIP,  V5-tagged  tau  and  HA-tagged  ubiquitin  (Fig.  3  A).  Two  days 
later,  immunoprecipitation  was  performed  with  an  antibody 
against  V5  and  probed  with  an  antibody  against  HA  to  assess 
the  degree  of  tau  ubiquitination.  Immunoprecipitated  tau  showed 
prominent  anti-HA  (ubiquitin)  immunoreactivity  in  CHIP- 
transfected  cells,  with  ubiquitin  positive  species  appearing  as 
mulitple  higher  molecular  weight  species,  possibly  representing 
oligomeric  and  multimeric  ligations  (Fig.  3  A).  To  characterize  the 
effect  of  Hsp70  on  CHIP-mediated  tau  ubiquitination,  cells  were 
transfected  as  described  above;  however,  they  were  also  transfected 
with  myc-tagged  Hsp70  in  the  presence  of  CHIP.  As  shown  in 
Figure  3B,  Hsp70  attenuates  CHIP  activity,  suggesting  that  Hsp70 
antagonizes  CHIP  ubiquitination  of  tau.  We  further  explored 
which  ubiquitin  lysine  linkage  (K48  or  K68)  was  primarily 
responsible  for  ubiquitination  of  tau.  Ubiquitin  linkage  through 
K48  is  associated  with  proteasome  targeting,  while  K68  ubiquitin 
linkage  appears  to  be  involved  in  cellular  signaling/DNA  repair 
(27).  HEK293  cells  were  transfected  with  myc-tagged  CHIP, 
V5-tagged  tau  and  HA-tagged  wild-type  ubiquitin,  K48  or  K63 
constructs.  K48  and  K63  refer  to  the  particular  lysine  amino 
acid  used  to  link  the  ubiquitins  to  each  other.  CHIP-mediated 
ubiquitination  of  tau  did  not  discriminate  between  K48  or  K63 
type  ubiquitin  linkage  suggesting  that  both  types  of  linkage  occur 
in  tau  (Fig.  3C).  This  has  potential  functional  implications  for  the 
role  of  ubiquitination  in  tau  biology.  A  further  study  showed  that 
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Figure  2.  CHIP  preferentially  interacts  with  the  microtubule-binding  domain  of  tau  and  tau  binding  requires  full-length  CHIP.  (A)  Diagrammatically  representation 
of  full-length  CHIP  and  the  two  structural  domains  (Cl  and  C2)  used  to  determine  the  Tau  binding.  (B)  Diagrammatically  representation  of  tau  and  the  three 
domains  (Tl,  T2  and  T3)  used  to  determine  the  CHIP  binding  domain.  (C)  Lysates  prepared  from  HEK293  cells  transfected  with  V5-tagged  tau  and  various 
myc-tagged  CHIP  domain  constructs  and  various  V5 -tagged  tau  domains  constructs  and  myc-CHIP  and  subjected  to  IP  with  anti-V5  followed  by  anti-myc  immu- 
noblotting.  Lysates  (inputs)  were  immunoblotted  with  either  anti-V5  or  anti-myc  antibodies.  The  asterisk  indicates  IgG  light  chain.  A  representative  result  from 
three  experiments  is  shown. 


the  amount  of  multimeric  ubiquitinated  tau  (>200  kDa)  increased 
dramatically  after  the  cells  were  treated  with  the  proteasome 
inhibitor  MG- 132,  suggesting  that  a  proportion  of  tau  is  degraded 
through  the  proteasome  (Fig.  3D).  In  particular,  it  would  appear 
that  tau  carrying  long  ubiquitin  chains  in  the  soluble  fraction  is 
degraded  by  the  proteasome. 

To  verify  the  functional  interaction  between  CHIP  and  tau, 
we  reconstituted  the  ubiquitination  reaction  in  vitro.  In  this 
experiment,  immunoprecipitated  CHIP  or  parkin  and  recombi¬ 
nant  His-tagged  tau  were  combined  with  other  essential  com¬ 
ponents  for  in  vitro  ubiquitination,  including  ATP  and  E2 
conjugases.  Again,  immunoprecipitated  CHIP,  but  not  parkin, 
ubiquitinated  tau  (Fig.  4),  demonstrating  that  tau  is  a  substrate 
of  CHIP.  Further,  when  the  western  blot  was  re -probed  with  an 
antibody  against  the  His-tag  on  tau,  a  ladder  of  species  was 
observed,  confirming  that  tau  was  directly  ubiquitinated  by 
CHIP.  Finally,  we  observed  that,  in  the  absence  of  additional 
cellular  components,  Hsp70  had  no  impact  on  tau  ubiquitina¬ 
tion  by  CHIP;  this  is  in  contrast  to  the  attenuation  associated 
with  increased  Hsp70  activity  observed  in  the  in  vivo  ubi¬ 
quitination  studies.  This  suggests  that  in  vivo  an  additional 
component  of  the  complex  or  a  particular  Hsp70  conformation 
is  required  to  down  regulate  tau  ubiquitination  by  CHIP. 

CHIP  immunoreactivity  in  human 
neurodegenerative  tauopathies 

To  evaluate  the  potential  pathological  significance  of 
the  interaction  between  tau  and  CHIP,  we  examined  the 


immunolocalization  of  CHIP  in  postmortem  brain  sections 
of  different  human  tauopathies,  including  AD,  PSP,  CBD, 
FTDP-17  and  PiD,  as  well  as  JNPL3  transgenic  mice  that 
express  mutant  (P301L)  tau.  CHIP  immunoreactivity  was  detec¬ 
ted  in  a  wide  range  of  tau-positive  lesions  in  both  neurons  and 
glia,  including  neurofibrillary  tangles  (NFTs;  Fig.  5 A)  and 
dystrophic  neurites  in  neuritic  plaques  (Fig.  5B)  of  AD,  Pick 
bodies  in  PiD  (Fig.  5C),  globose  NFTs  (Fig.  5D)  and  tufted 
astrocytes  (Fig.  5E)  in  PSP,  and  oligodendroglial  coiled  bodies 
and  thread-like  processes  in  CBD  (Fig.  5F). 

To  confirm  CHIP  co-localization  with  tau  lesions,  serial 
sections  from  PiD,  were  immunostained  with  anti-phospho-tau 
(CP13;  Fig.  5G)  and  with  antibodies  anti-CHIP  (Fig.  5H),  and 
to  ubiquitin  3-39  (Fig.  51). 

The  degree  of  CHIP  immunoreactivity  correlated  to  the 
predominant  isoform  of  tau  in  the  lesions,  with  3R  tauopathies 
showing  more  immunoreactivity  than  3R+4R  tauopathies  or  4R 
tauopathies.  Specifically,  there  was  more  robust  CHIP  immuno¬ 
reactivity  in  Pick  bodies  (3R)  than  in  NFTs  in  AD  (3R+4R). 
Almost  all  Pick  bodies  were  also  ubiquitin-immunoreactive  on 
adjacent  sections  stained  for  ubiquitin.  In  adjacent  sections 
of  AD  stained  for  ubiquitin,  most  of  the  CHIP-positive  NFTs 
were  also  ubiquitin-immunoreactive.  The  major  exception  was 
extracellular  NFT,  which  had  no  CHIP-immunoreactivity  yet 
variable  ubiquitin  immunoreactivity.  Pre-tangles,  neurons  with 
non-fibrillar  abnormal  phospho-tau  immunoreactivity,  were 
negative  for  CHIP  (data  not  shown).  There  were  only  a  few 
NFTs  stained  in  PSP,  CBD  and  FTDP-17.  These  were  all  4R 
tauopathies  and  neurofibrillary  lesions  in  these  disorders  had 
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Figure  3.  Tau  tends  to  be  ubiquitinated  in  vivo.  (A)  CHIP,  not  parkin,  mediates  tau  ubiquitination.  V5 -tagged  Tau  cDNA  combined  with  empty  vector,  untagged 
parkin  or  myc-tagged  CHIP  and  HA-Ub  construct  were  transfected  into  HEK293  cells.  Immunoprecipitates  with  anti-V5  mAb  (V5-IP)  immunoblotted  with  HA 
mAb  to  assess  the  amount  of  ubiquitination.  Total  soluble  lysates  (inputs)  were  analyzed  by  western  blotting  using  anti-myc,  anti-V5  or  anti-parkin.  (B)  Hsp70 
attenuates  CHIP  activity.  V5-tagged  Tau  cDNA  combined  with  empty  vector,  myc-tagged  CHIP  and  myc-tagged  Hsp70  and  HA-Ub  construct  were  transfected 
into  HEK293  cells.  Immunoprecipitates  with  anti-V5  mAb  immunoblotted  with  HA  mAb  to  assess  the  amount  of  ubiquitination.  Total  soluble  lysates  (inputs) 
were  analyzed  by  western  blotting  using  anti-myc,  anti-V5  or  anti-parkin.  (C)  CHIP  ubiquitinates  tau  through  K48  and  K63  ubiquitin  linkages.  V5-tagged  Tau 
cDNA  combined  with  myc-tagged  CHIP  (or  vector  as  a  control)  and  HA-tagged  wild  type  or  K48  or  K63  ubiquitin  mutants  were  transfected  into  HEK293  cells. 
Immunoprecipitates  with  anti-V5  mAb  immunoblotted  with  HA  mAb  to  assess  the  amount  of  ubiquitination.  Total  soluble  lysates  (inputs)  were  analyzed  by  wes¬ 
tern  blotting  using  anti-myc  or  anti-V5.  (D)  Proteasome  inhibition  increases  CHIP -mediated  ubiquitination  of  tau.  V5 -tagged  Tau  cDNA  combined  with  either 
empty  vector  or  myc-tagged  CHIP  and  HA-tagged  ubiquitin  were  transfected  into  HEK293  cells.  Thirty-six  hours  post-transfection  cells  were  exposed  to 
MG  132  (5  pM,  12  h).  Immunoprecipitates  with  anti-V5  and  immunoblotted  with  HA  mAb  to  access  the  amount  of  ubiquitination.  Total  soluble  lysates  (inputs) 
were  analyzed  by  western  blotting  using  anti-myc  or  anti-V5. 


almost  no  ubiquitin  immunoreactivity.  Only  a  few  glial  lesions 
in  the  latter  4R  tauopathies  were  CHIP-immunoreactive. 
Overall,  the  number  of  CHIP  immunoreactive  lesions  was 
50-70%  for  PiD,  5-10%  for  AD  and  1-5%  for  both  PSP  and 
CBD.  These  data  suggest  a  role  for  CHIP  in  pathologies 
involving  tauopathies  in  humans.  Similar  to  humans,  neurofi¬ 
brillary  lesions  in  spinal  cord  sections  of  JNPL3  mice,  which 
contain  mutant  4R  tau,  were  weakly  immunoreactive  for  CHIP 
and  ubiquitin,  yet  strongly  positive  for  phospho-tau  (data  not 
shown). 


Controls  for  specificity  of  CHIP  included  omission  of 
primary  antibody  and  absorption  with  CHIP  synthetic  peptide. 
These  sections  showed  no  immunoreactivity  in  Pick  bodies 
(Fig.  5K)  or  NFTs  (data  not  shown). 

Effects  of  CHIP  and  Hsp70  on  accumulation  of 
detergent-insoluble  tau 

To  examine  the  impact  of  CHIP-mediated  ubiquitination  on  tau 
aggregation,  COS-7  cells  were  transfected  with  a  mutant 
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Figure  4.  In  vitro  ubiquitination  of  tau  by  CHIP.  The  ubiquitination  of  Tau  by 
CHIP  (or  parkin)  was  reconstituted  by  using  immunoprecipitated  myc-tagged 
parkin  and  myc-tagged  CHIP  from  transfected  HEK293  cells  with  the  addition 
of  purified  UBCH7  or  UBCH5b  and  the  additional  essential  components  for 
in  vitro  ubiquitination  (see  Materials  and  Methods).  The  reaction  products 
were  analyzed  by  western  blot  analysis  with  both  anti-ubiquitin  and  anti-His 
antibodies.  Inputs  were  immunoblotted  with  anti-myc  antibodies.  Brackets 
and  molecular  marker  at  220  kDa  indicate  both  Tau  and  ubiquitin-positive 
high  molecular  species.  All  experiments  were  replicated  twice  with  similar 
results. 


(P301L)  tau  expression  construct  in  the  absence  or  presence  of 
either  CHIP  or  Hsp70.  Total  tau  was  extracted  and  then  frac¬ 
tionated  into  triton-soluble  and  insoluble  pools.  Transfection 
of  CHIP  dramatically  increased  the  accumulation  of  high 
molecular  weight  aggregated  tau  species  in  the  detergent 
(triton)  insoluble  fraction  (Fig.  6),  detected  by  western  blot 
analysis  with  the  Tau5  and  El  antibodies.  The  apparent 
molecular  weight  of  these  aggregated  tau  species  ranged  from 
~90  kDa  to  large  enough  to  be  retained  in  the  stacking  gel.  In 
contrast,  expression  of  Hsp70  selectively  reduced  the  amount 
of  detergent  insoluble  tau  to  the  point  where  little  or  no  tau 
partitioned  into  the  detergent-insoluble  fraction.  Although  the 
level  of  insoluble  tau  was  selectively  reduced  by  Hsp70 
transfection,  there  was  no  corresponding  increase  in  detergent- 
soluble  tau  levels,  which  were  also  reduced  relative  to  non- 
transfected  cells  (Fig.  6). 


Induction  of  Hsp70  reduces  tau  levels  in  vitro  and  in  vivo 

To  further  explore  the  relationship  between  Hsp70  and  tau 
steady-state  levels  in  vitro  we  upregulated  Hsp70  through 
geldanamycin  (GA)  treatment  and  activated  heat  shock  factor  1 
[(HSF-1  (+)]  transfection  (28).  GA  is  a  naturally  occurring 
benzoquinone  ansamycin  that  specifically  binds  to  and 
interferes  with  the  activity  of  the  molecular  chaperone  Hsp90 
(29),  a  negative  regulator  of  heat-shock  factor  1  (HSF-1), 
which  regulates  the  transcription  of  several  molecular  chaper¬ 
ones,  including  Hsp70  (28,30).  Ml 7  human  neuroblastoma 
cells,  which  express  significant  levels  of  endogenous  tau,  were 
either  treated  with  GA  or  transfected  with  a  mutant 
(constitutive  active)  form  of  HSF-1  (mHSF-1).  As  shown  in 
Figure  7,  treatment  with  GA  reduced  tau  levels  in  a  dose- 
dependent  manner.  Similar  results  were  observed  in  cells 
transfected  with  mHSF-1.  Both  GA  and  mHSF-1  increased 
Hsp70  levels,  with  mHSF-1  causing  the  greater  induction  of  the 
molecular  chaperones  (Fig.  7).  HSF-1  (+),  but  not  GA,  also 
caused  an  increase  in  Hsp40  levels,  suggesting  that  Hsp40  is 
unlikely  to  be  necessary  for  the  reduction  of  steady-state  tau 
levels  produced  by  these  two  treatments. 

Based  on  the  results  described  above,  Hsp70  appears  likely  to 
be  involved  in  regulating  tau  metabolism,  especially  the 
turnover  of  triton-insoluble  species.  To  obtain  additional 
evidence  supporting  this  idea,  we  assessed  the  amount  of 
endogenous  tau  in  the  brains  of  old  mice  overexpressing  the 
inducible  form  of  Hsp70  (31).  There  was  no  significant 
difference  in  age  between  transgenic  and  control  littermates 
(30.6  zb  5.1  and  28.3  ±2.1  months  of  age  for  non-transgenic 
and  TgHsp70i  mice,  respectively).  Whole  brain  homogenates 
from  three  non-transgenic  and  three  tgHsp70  mice  were 
homogenized  and  separated  into  1%  Triton  X- 100-soluble  or 
-insoluble  fractions.  The  fractions  were  then  immunoblotted 
using  Tau46,  a  polyclonal  antibody  to  a  carboxyl  terminal 
epitope  in  tau  that  detects  all  forms  of  human  and  mouse  tau 
(Fig.  8A).  The  amount  of  tau  was  normalized  to  (3-actin  levels 
in  the  brain  of  each  mouse.  Tau  levels  in  TgHsp70  mice  in  both 
the  soluble  and  insoluble  fractions  were  significantly  lower 
(~50%  lower  in  both  fractions)  compared  with  NT  mice 
(Fig.  8A  and  B).  Moreover,  high  molecular  weight  triton- 
insoluble  tau  species  present  in  the  stacking  gel  that  were 
observed  in  the  very  old  NT  mice  were  absent  in  the  age- 
matched  TgHsp70  mice  (Fig.  8B).  Tau  levels  were  normalized 
to  (3-actin  from  the  same  gel  from  either  the  soluble  or 
insoluble  fractions  with  all  the  mice  in  the  study.  Statistical 
significance  was  estimated  using  Student’s  Mest  for  difference 
between  NT  and  tgHsp70i  mice  in  both  fractions  (*P<0.01, 
**P<  0.001). 

DISCUSSION 

In  the  current  study,  we  identified  tau  as  a  substrate  for  the 
ubiquitin  ligase-chaperone  protein  CHIP.  We  concluded  that 
tau  is  an  authentic  substrate  of  CHIP  from  the  following 
evidence:  first,  CHIP  interacts  with  tau  and  is  specifically 
ubiquitinated  by  CHIP  in  vivo  and  in  vitro  in  the  presence  of 
the  E2  conjugase,  UbcH5b.  Second,  proteasome  inhibition 
augmented  CHIP-mediated  tau  ubiquitination  and  promoted 
the  insolubility  of  tau  in  triton-X-100  detergent.  Finally,  CHIP 
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Figure  5.  CHIP  immunoreactivity  is  present  in  a  diversity  of  neurodegenerative  tauopathies.  Immunostaining  of  CHIP  in  several  tauopathies.  (A)  NFT  in  AD, 
(B)  dystrophic  neurites  in  senile  plaques  in  AD,  (C)  Pick  bodies  in  PiD,  (D)  globose  NFT  in  PSP,  (E)  tufted  astrocyte  in  PSP  and  (F)  oligodendroglial  coiled  bodies 
and  threads  in  CBD.  CHIP  co -localization  with  tau  and  ubiquitin  was  visualized  using  serial  sections  immunostained  for  phospho-tau  with  CP  13  (G),  CHIP  (H) 
and  anti-ubiquitin  3-39  (I).  CHIP  staining  in  PiD  case  (J)  and  preabsorption  with  CHIP  synthetic  peptide  (K). 
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Figure  6.  CHIP  increases,  Hsp70  suppresses  tau  aggregation.  CHIP  increases  and  Hsp70  decreases  the  accumulation  of  insoluble  Tau  in  the  COS7  cells.  Cells 
transfected  with  vector  plasmid  (lacZ)  or  construct  for  mutant  tau  (P301L)  combined  with  construct  for  mock  (Control),  myc-tagged  CHIP  or  myc-Hsp70,  were 
lysed  and  separated  into  1%  Triton  X- 100-soluble  (S)  or  -insoluble  (I)  fractions,  then  immunoblotted  with  Tau5.  Membrane  was  stripped  and  re-probed  with  anti- 
ubiquitin.  Soluble  fraction  was  used  to  demonstrate  expression  of  respective  constructs. 


immunoreactivity  was  present  in  a  range  of  tau  lesions  in 
several  neurodegenerative  tauopathies,  especially  those  in 
which  3R  tau  is  present  in  pathologic  lesions,  such  as  PiD 
and  AD.  The  tauopathies  with  CHIP  immunoreactivity  were 
also  those  that  have  been  shown  in  other  studies  to  have 
ubiquitin-positive  lesions  (32).  In  contrast,  disorders  such  as 
PSP  or  CBD  in  which  lesions  show  almost  no  ubiquitin 
immunoreactivity  were  also  negative  for  CHIP  (35-38). 

In  this  study,  we  found  that  CHIP  mediated  ubiquitination  of 
tau.  Moreover,  both  CHIP  and  Hsp70  interact  with  tau, 
suggesting  that  these  two  proteins  act  in  concert  to  control 
tau  metabolism.  In  fact,  overexpression  of  Hsp70,  in  cells, 
attenuated  the  ubiquitination  of  tau  induced  by  CHIP  (Fig.  3B). 
These  results  suggest  that  Hsp70  and  CHIP  interact  at  the 
functional  and/or  cellular  level.  Interestingly  the  negative  effect 
of  Hsp70  on  tau  ubiquitination  was  not  observed  with  in  vitro 
assays,  suggesting  that  additional  chaperones  that  interact  with 
the  Hsp70/CHIP  complex  might  play  a  role  in  vivo. 
Furthermore,  it  appears  that  a  proportion  of  the  tau  ubiquiti- 
nated  by  CHIP  via  K48  ubiquitin  linkage  is  consistent  with  the 
observed  evidence  of  proteasome  degradation  of  poly-ubiqui- 
tinated  tau;  however,  tau  was  also  ubiquitinated  via  K63 
ubiquitin  linkage,  suggesting  an  alternative  cellular  fate  for 
these  species  possibly  including  altered  distribution  and 
aggregation. 

Although  Dou  et  al.  (20)  reported  that  increased  levels  of 
Hsp70  reduce  tau  aggregation,  which  is  in  accord  with  results 


of  the  present  study,  they  did  not  determine  if  this  was  a  result 
of  a  reduction  in  tau  levels  (Figs  7  and  8),  as  our  data  indicate, 
rather  than  a  redistribution  of  tau.  Our  data  would  further 
suggest  that  the  CHIP  and  Hsp70  levels  are  critical  to  tau 
physiology  such  that  excess  CHIP  would  promote  tau 
aggregation  whereas  Hsp70  would  suppress  it.  In  our  model 
systems,  insoluble  tau  aggregates  represented  a  small  fraction 
of  total  tau  protein,  which  is  a  consistent  observation  in  several 
tauopathies,  including  AD.  Hsp/Hsc70  may  protect  against  tau 
aggregation,  neurofibrillary  degeneration  and  neurotoxicity. 
Our  data  argue  that  Hsp70  (with  CHIP)  may  be  a  critical  deter¬ 
minant  of  normal  tau  degradation  and  may  possibly  be  involved 
in  the  pathogenesis  of  human  tauopathy.  In  this  scheme,  mole¬ 
cular  chaperones  would  mediate  tau  degradation  and  directly  or 
indirectly  prevent  tau  aggregation  and  the  toxicity  associated 
with  this  protein.  The  balance  between  CHIP  and  Hsp70  levels 
may  well  be  critical.  Dai  et  al.  (33)  have  recently  shown  that 
CHIP  regulates  activation  of  Hsp70  through  induced  trimeriza- 
tion  and  transcriptional  activation  of  HSF-1.  The  activation  of 
HSF-1  by  CHIP  emphasizes  that  a  single  protein  (i.e.  CHIP) 
within  the  complex  can  regulate  major  and  often  diametrically 
opposed  chaperone  activities  (Hsp70)  to  alter  the  metabolism 
of  substrate,  in  this  case  tau  (33). 

Although  CHIP  has  been  implicated  in  the  ubiquitination 
of  several  substrates,  including  unfolded  CFTR,  glucocor¬ 
ticoid  receptor  and  androgen  receptor  (14-16),  tau  is  the 
first  CHIP  substrate  that  has  been  implicated  in  a  number  of 
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Figure  7.  Induction  of  molecular  chaperones  decreases  tau  steady-state  levels.  Ml  7  human  neuroblastoma  cell  lines  expressing  endogenous  tau  were  treated  with 
geldanamycin  (GA)  at  1 ,  10  and  100  nM  or  transfected  with  activated  heat  shock  factor  1  at  1 ,  1 .5  and  2  pg  DNA  for  48  h.  Cells  were  lysed  and  immunoblotted  with 
Tau5  mAb.  Membranes  were  stripped  and  sequentially  re-probed  with  monoclonal  antibodies  to  Hsp70,  Hsp40,  Hsp90  and  GADPH  (for  protein  loading). 


neurodegenerative  diseases.  It  is  also  clear  that  the  another 
member  of  this  chaperone  complex,  Hsp70,  is  involved  in  tau 
metabolism.  Although  many  questions  remain,  the  multiple 
effects  of  the  Hsp70/CHIP  chaperone  system  on  tau  biology 
make  it  of  interest  as  a  potential  therapeutic  target  for  the 
human  tauopathies  including  AD. 

MATERIALS  AND  METHODS 

Expression  vectors,  cell  culture  and  antibodies 

cDNAs  for  parkin,  tau  (4R0N±  P301L),  Hsp70  and  CHIP  were 
cloned  into  the  mammalian  expression  vector  pcDNA3 1 . 1  (Myc- 
or  V5-tagged).  Deletion  constructs  targeted  for  the  respective 
domains  were  cloned  into  similar  expression  vectors.  Ubiquitin 
constructs  were  obtained  from  Dr  Ted  Dawson  (Johns  Hopkins). 
A  mutated  cDNA  sequence  encoding  an  HSF1  lacking  residues 
203-315  was  inserted  into  vector  pcDNA3.1  to  prepare  exp¬ 
ression  construct  HSF1(+).  The  integrity  of  all  constructs  was 
confirmed  by  automated  sequencing. 

COS-7  and  HEK-293  cells  were  maintained  in  Optimem  (Life 
Technologies)  supplemented  with  10%  fetal  bovine  semm  (Life 
Technologies),  heat  inactivated.  Cells  were  transfected  using 
Lipofectamine  2000  (Life  Technologies)  or  FuGene6  (Roche) 
incubated  for  48  h  and  treated  as  previously  described.  Human 
Ml 7  Neuroblastoma  cell  lines  stably  overexpressing  vector,  wild- 
type  tau  (4R0N)  and  P301L  cell  lines  were  maintained  in  DMEM 
(Life  Technologies)  supplemented  with  10%  fetal  bovine  serum 
heat  inactivated,  glutamine,  and  500  pg  ml-1  G418. 

CHIP  polyclonal  antibody  was  obtained  from  Abeam;  HA  and 
Myc  antibodies  was  obtained  from  Roche;  parkin  antibody  was 


obtained  from  Cell  Signaling;  Tau5  was  generously  provided  by 
Dr  Binder  (Northwestern  University);  Hsp70  antibody  was 
obtained  from  Stressgen  abs;  El,  human  specific  tau  and  Tau46 
antibody  were  obtained  from  Dr  Shu-Hui  Yen  (Mayo  Clinic); 
CP  13  (phospho-tau  ser202)  was  obtained  from  Peter  Davies 
(Albert  Einstein  College  of  Medicine)  and  ubiquitin  3-39  from 
Signet.  HRP-coupled  anti-mouse  and  anti-rabbit  secondary 
antibodies  were  obtained  from  Jackson  Immunoresearch. 
Ubiquitin  polyclonal  antibodies  were  obtained  from  Dako.  His 
monoclonal  antibody  was  obtained  from  Calbiochem.  LB509  to 
oc-synuclein  (Zymed,  San  Francisco,  CA,  USA).  Hsp40  and 
Hsp90  were  obtained  from  BD  Transduction  laboratories.  Hsp70 
was  obtained  from  Stressgen. 

Ubiquitination  assays 

In  vitro.  Reactions  were  performed  in  50  pi  mixture  containing 
50  mM  Tris-HCl,  pH  7.5,  2.5  mM  MgCl,  10  mM  DTT,  4mM 
ATP,  lOpg  ubiquitin  (Sigma),  500  ng  of  El  (Calbiochem, 
San  Diego,  CA,  USA),  200  ng  of  UbcH7  or  UbcH5b  (Affinti- 
Research,  Exeter,  UK),  immunoprecipitated  myc-tagged  parkin 
or  myc-tagged  CHIP  and  2pg  recombinant  monomeric  his- 
tagged  tau  (Dr  Binder).  Reactions  were  carried  out  for  2h  at 
37°C  before  terminating  with  an  equal  volume  of  2x  SDS  sam¬ 
ple  buffer.  The  reaction  products  were  then  subjected  to  western 
blot  analysis  with  anti-ubiquitin  (Dako,  Carpinteria,  CA,  USA), 
Tau5  or  anti-His  antibodies. 

In  vivo.  HEK293  cells  were  transfected  with  4  pg  of 
V5 -tagged  tau  or  4  pg  Myc-tagged  parkin,  Myc-tagged  CHIP 
or  Myc-tagged  CHIP  and  Myc-tagged  Hsp70  and  4pg  of 
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Figure  8.  Tau  levels  in  brains  of  mice  overexpressing  inducible  form  of  Hsp70.  (A,  B)  Whole  brain  tissues  from  30-month-old  normal  (NT)  or  transgenic  mice 
expressing  the  Hsp70  transgene  were  separated  into  1%  Triton  X- 100-soluble  or  -insoluble  fractions,  then  immunoblotted  with  Tau46.  Membrane  was  stripped  and 
re-probed  with  anti-Hsp70  and  anti-(3-actin  (control  for  protein  loading).  There  was  no  significant  difference  between  mice  (30.6  ±5.1  and  28.3  ±2.1  months  of  age 
for  NT  and  TgHsp70i,  respectively).  Tau  normalized  to  (3-actin  from  the  same  gel  from  either  the  soluble  or  insoluble  fractions  on  all  mice  examined.  Statistical 
significance  was  estimated  using  Student’s  /-test  for  difference  between  NT  and  tgHsp70i  mice  in  both  fractions.  <  0.01;  <  0.001. 


pRK5-HA-wild-type  ubiquitin,  pRK5-HA-K48-ubiquitin,  or 
pRK5-HA-K63-ubiquitin  plasmids.  After  48  h,  immunopreci- 
pitation  was  performed  with  an  antibody  against  V5.  The  pre¬ 
cipitates  were  submitted  to  western  blotting  with  an  antibody 
against  HA. 

Co-immunoprecipitation 

For  co-immunoprecipitation  from  cell  cultures,  HEK293  cells 
were  transfected  with  4  pg  of  each  plasmid.  After  48  h,  cells 


were  washed  with  cold  PBS  and  harvested  in  immunoprecipi- 
tation  buffer  (0.1%  Triton  X-100,  2  pg/ml  aprotinin,  100  pg/ml 
PMSF,  lOOmM  NaCl  in  50  mM  Tris-HCl,  pH  7.2).  The  lysate 
was  sonicated,  pre-cleared  for  1  h  at  4°C  with  25  pi  of  protein  G 
(Pierce)  and  centrifuged  at  14  000rpm.  The  supernatants  were 
incubated  with  2  pg  of  an  antibody  against  V5  (Life 
Technologies)  and  60  pi  of  protein  G  and  rocked  at  4°C 
overnight.  The  protein  G  beads  were  pelleted  and  washed  three 
times  with  immunoprecipitation  buffer.  The  precipitates  were 
resolved  on  SDS-PAGE  gel  and  subjected  to  western  blot 
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analysis.  Bands  were  visualized  with  chemiluminescence 
(Pierce,  Rockford,  IL,  USA). 

For  co-immunoprecipitation  of  proteins  from  mice,  whole 
brains  from  adult  mice  expressing  the  P301L  transgene  brain 
(or  non-transgenic  mice  as  controls)  were  homogenized  in 
4vols  of  ice-cold  PBS  containing  320  mM  sucrose  and  0.1% 
Triton  X-100  with  protease  inhibitor  cocktail  (Sigma).  The 
tissue  homogenate  was  centrifuged  at  37  OOOg  at  4°C  for 
20  min.  The  supernatant  was  collected  and  500  pg  of  protein 
was  used  for  immunoprecipitation  with  one  of  the  following 
antibodies:  anti-CHIP,  anti-El  or  anti-GFP  (irrelevant  anti¬ 
body).  The  precipitates  were  subjected  to  western  blot  analysis 
and  immunoblotted  with  Tau5. 

M17  human  neuroblastoma  cells  were  either  treated  with  GA 
(100  nM)  or  transfected  with  mHSF-1  (1,  1.5  and  2  pg  DNA)  for 
48  h.  Cells  lysates  were  1%  Triton-PBS  plus  protease  inhibitors. 
The  precipitates  were  subjected  to  western  blot  analysis  and 
immunoblotted  with  Tau5  and  HSPs  70,  40  and  90. 


Immunohistochemistry 

Pre-absorption  and  specificity  testing  of  polyclonal  anti-CHIP 
antibody.  CHIP  peptide  was  re-suspended  in  1%  BSA  in  PBS 
to  a  concentration  of  lmgmL-1.  The  peptide  solution  was 
added  to  diluted  CHIP  antibody  in  TBST  to  obtain  a  final  dilu¬ 
tion  of  1 : 500.  The  mixture  was  rocked  for  1  h  at  room  tem¬ 
perature.  The  mixture  was  centrifuged  at  13  500g  for  2  min. 
The  supernatant  was  separated  from  the  pellet.  Serial  sections 
(5  pm  thick)  from  a  PiD  case  were  deparaffinized  and  rehy¬ 
drated  in  xylene  and  graded  series  of  alcohol  (100,  100,  95 
and  70%).  Antigen  retrieval  was  performed  in  dH20  in  steam 
bath  for  30  min.  The  sections  were  allowed  to  cool.  The  super¬ 
natant  and  diluted  CHIP  antibody  (1 :  500  in  TBST)  were  used 
for  immunohistochemistry  on  the  DAKO  Autostainer 
(DakoCytomation,  Carpinteria,  CA,  USA)  using  the  DAKO 
EnVision  HRP  system  on  the  serial  sections.  DAKO  Liquid 
DAB  Substrate-Chromogen  system  was  the  chromogen.  The 
slides  were  then  dehydrated  and  coverslipped. 

Single  antibody  staining.  Paraffin  serial  sections  (5  pm  thick) 
were  used  for  immunohistochemistry  from,  diffuse  Lewy  body 
disease  (n  =  6),  multiple  system  atrophy  (n  =  2)  JNPL3  and  lit- 
termate  control  mice  (one  each),  AD  (n  =  2),  PiD  (n  =  4),  PSP 
(n  =  2),  CBD  (n  =  2),  and  FTDP_17  ( n  =  2).  The  sections  were 
then  processed  the  same  as  above.  Primary  antibodies  used  in 
the  serial  sections  were:  CHIP  (1:250),  CP13  (1:500)  and 
3-39  (1 : 200  000).  In  Lewy  body  disease  and  multiple  system 
atrophy  cases  anti-synuclein  (LB509,  1  : 100)  replaced  CP13. 
All  antibodies  were  diluted  in  DAKO  Antibody  Diluent  with 
background  reducing  components. 

Fractionation  experiments 

For  triton  soluble/insoluble  fractionation  experiments,  cells  or 
tissue  were  lysed  in  a  buffer  containing  PBS  with  1%  Triton  X- 
100  and  a  cocktail  of  protease  inhibitors.  After  sonication,  cells 
were  centrifuged  at  100  OOOg  at  4°C  for  30 min.  Triton  X-100 
insoluble  pellets  were  dissolved  in  a  buffer  containing  1% 
Triton  X- 100/1%  SDS.  The  soluble  and  insoluble  fractions 


were  used  in  western  blot  analysis  using  the  antibodies 
described  in  the  figure  legend. 
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NOTE  ADDED  IN  PROOF 

Very  recently  Shimura  et  al.  (34)  reported  that  tau  binds  to 
Hsc70  and  phosphorylation  is  a  requirement  for  ubiquitination 
by  CHIP.  In  addition,  CHIP  was  able  to  rescue  phosphorylated 
tau-induced  toxicity.  Our  data,  while  generally  consistent  with 
the  findings  of  Shimura  et  al. ,  extends  our  understanding  of  the 
interaction  between  the  Hsp70/CHIP  chaperone  system  and  tau 
by  demonstrating  the  in  vivo  co-localization  of  CHIP  with  tau 
lesions  in  human  patients  with  tauopathy  and  further  by 
exploring  the  antagonistic  action  of  Hsp70  and  CHIP  on  tau 
ubiquitination  and  aggregation.  In  addition,  while  Shimura  et 
al.  report  that  CHIP  ubiquitination  is  dramatically  enhanced  by 
GSK-3(3  driven  phosphorylation  of  tau,  our  data  show  that 
GSK-3  P  phosphorylation  is  not  absolutely  required  for  CHIP  to 
ubiquitinate  tau. 
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Summary 

One  hypothesis  for  the  etiology  of  Parkinson’s  disease 
(PD)  is  that  subsets  of  neurons  are  vulnerable  to  a 
failure  in  proteasome-mediated  protein  turnover.  Here 
we  show  that  overexpression  of  mutant  a-synuclein 
increases  sensitivity  to  proteasome  inhibitors  by  de¬ 
creasing  proteasome  function.  Overexpression  of  par¬ 
kin  decreases  sensitivity  to  proteasome  inhibitors  in 
a  manner  dependent  on  parkin’s  ubiquitin-protein  E3 
ligase  activity,  and  antisense  knockdown  of  parkin  in¬ 
creases  sensitivity  to  proteasome  inhibitors.  Mutant 
a-synuclein  also  causes  selective  toxicity  to  catechol¬ 
aminergic  neurons  in  primary  midbrain  cultures,  an 
effect  that  can  be  mimicked  by  the  application  of  pro¬ 
teasome  inhibitors.  Parkin  is  capable  of  rescuing  the 
toxic  effects  of  mutant  a-synuclein  or  proteasome  inhibi¬ 
tion  in  these  cells.  Therefore,  parkin  and  a-synuclein  are 
linked  by  common  effects  on  a  pathway  associated  with 
selective  cell  death  in  catecholaminergic  neurons. 

Introduction 

The  identification  of  genes  linked  to  familial  forms  of 
Parkinson’s  disease  (PD)  provides  an  important  tool  for 
modeling  the  pathways  leading  to  neurodegeneration 
in  this  disorder.  To  date,  eight  linkages  have  been  re¬ 
ported,  with  three  genes  identified  as  causal,  or  proba¬ 
bly  causal,  in  different  families.  Two  of  these  encode 
proteins  whose  function  is  related  to  ubiquitin-depen- 
dent  protein  degradation  through  the  proteasome  (for 
review,  see  Hershko  and  Ciechanover,  1998).  Parkin 
(OMIM  600116)  is  an  E2-dependent  E3  protein-ubiquitin 
ligase  (Shimura  et  al.,  2000;  Zhang  et  al.,  2000),  and 
mutations  in  this  gene  are  generally  associated  with 
recessive  early  onset  parkinsonism  (Kitada  et  al.,  1 998). 
Parkin  mutations  reported  to  date  appear  to  be  loss- 
of-function  mutations  reducing  the  ability  of  parkin  to 
regulate  degradation  of  substrate  removal  (Shimura  et 
al.,  2000;  Zhang  et  al.,  2000).  One  mutation  in  ubiquitin- 
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C-terminal  hydrolase  ( UCHL1 ,  OMIM  191342)  has  been 
described  (Farrer  et  al.,  2000;  Leroy  et  al.,  1998),  al¬ 
though  pathogenicity  of  this  mutation  has  not  been  fully 
established.  However,  polymorphic  variability  in  UCHL1 
has  been  associated  with  altered  risk  for  development 
of  PD  in  case-control  studies  (Maraganore  et  al.,  1999; 
Wintermeyer  et  al.,  2000). 

Mutations  in  a -synuclein  have  been  reported  in  au¬ 
tosomal  dominant  pedigrees  (OMIM  601508,  Kruger  et 
al.,  1998;  Polymeropoulos  et  al.,  1997).  Several  pieces 
of  evidence  suggest  that  a -synuclein  mutations  and  pro¬ 
teasome  function  may  be  related.  Whether  a-synuclein 
turnover  is  regulated  by  proteasome  function  is  contro¬ 
versial,  with  both  positive  (Bennett  et  al.,  1999;  Tofaris 
et  al.,  2001)  and  negative  (Ancolio  et  al.,  2000;  Paxinou 
et  al.,  2001)  results  reported.  Forced  overexpression  of 
a-synuclein,  especially  mutant  forms,  sensitize  PCI  2 
(Stefanis  et  al.,  2001 ;  Tanaka  et  al.,  2001),  NT2,  and  SK- 
N-MC  (Lee  et  al.,  2001b)  neuroblastoma  cell  lines  to 
toxicity  induced  by  the  proteasome  inhibitor  lactacystin. 
The  mechanism  by  which  this  occurs  is  not  clear,  but 
overexpression  of  mutant  a-synuclein  produces  an  inhi¬ 
bition  of  proteasome-associated  proteolytic  activities. 
The  A30P  mutant  a-synuclein  inhibits  the  postacidic 
proteasome  activity  by  25%  and  the  trypsin-like  and 
chymotrypsin-like  activities  by  slightly  smaller  amounts, 
with  wild-type  a-synuclein  having  a  much  smaller  effect 
(Tanaka  et  al.,  2001).  The  A53T  mutant  form  of  a-synu¬ 
clein  also  inhibits  the  chymotrypsin-like  activity  of  the 
proteasome  (Stefanis  et  al.,  2001).  Finally,  it  has  been 
reported  that  an  O-glycosylated  form  of  a-synuclein  found 
in  human  brain  is  ubiquitinated  by  parkin  (Shimura  et  al., 
2001),  raising  the  possibility  that  loss  of  parkin  function 
might  result  in  a-synuclein  accumulation,  a-synuclein- 
positive  Lewy  bodies  have  been  noted  in  a  case  of  Par- 
kin-related  PD  (Farrer  et  al.,  2001). 

Overall,  the  above  studies  suggest  that  proteasome 
inhibition  might  be  a  common  link  between  the  different 
genetic  triggers  of  PD.  Furthermore,  there  is  evidence 
that  proteasome  function  is  impaired  in  sporadic  PD 
(McNaught  and  Jenner,  2001).  However,  the  hypothesis 
that  proteasome  dysfunction  is  an  explanation  for  PD 
remains  conjecture.  For  example,  as  cell  loss  in  PD  is 
not  uniform,  any  attempt  to  link  proteasome  function 
to  disease  should  account  for  selective  vulnerability  of 
specific  subgroups  of  neurons.  The  selective  vulnerabil¬ 
ity  of  different  neuronal  types  to  cell  death  or  formation 
of  the  pathological  hallmarks  of  the  disease  is  complex 
(reviewed  in  Braak  and  Braak,  2000),  but  it  is  clear  that 
functional  loss  of  dopaminergic  neurons  in  the  substan¬ 
tia  nigra  (SN)  pars  compacta  is  important.  The  move¬ 
ment-related  symptoms  of  PD  patients  are  related  to 
dopaminergic  cell  loss,  and  loss  of  these  cells  not  only 
precedes  symptom  development,  it  is  also  progressive 
throughout  the  course  of  the  disease  (Pakkenberg  et 
al.,  1991). 

In  the  present  study  we  have  explored  the  relationship 
between  overexpression  of  a-synuclein  and  parkin  with 
toxicity  associated  with  proteasome  inhibition.  We  have 
also  used  primary  cell  cultures  to  distinguish  effects  on 
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Figure  1.  Effects  of  Proteasome  Inhibitors  on  Cell  Viability  in  Ml  7  Cells  Overexpressing  a-Synuclein 

(A  and  B)  Stable  clonal  cell  lines  overexpressing  a-synuclein  were  established  and  expression  screened  using  Western  blotting  using  monoclonal 
antibody  42.  Untransfected  cells  (lane  2)  or  cells  transfected  with  vector  alone  (lane  3)  show  moderate  expression  of  a-synuclein  compared 
to  cells  overexpressing  wild-type  (lane  4),  A30P  (lane  5),  or  A53T  synuclein  (lane  6).  Human  cerebral  cortex  extract  was  used  as  a  positive 
control  (lane  1).  A  reprobe  of  the  same  blot  using  (3-actin  is  shown  below  to  demonstrate  similarity  of  loading  across  the  lanes.  Quantitation 
of  a-synuclein  expression  is  shown  in  (B)  and  is  expressed  as  a  ratio  of  the  major  synuclein  band  to  (3-actin  (n  =  4  serial  passages  of  the 
cells,  error  bars  represent  the  SEM). 

(C  and  D)  Overexpression  of  a-synuclein  produces  increased  sensitivity  to  the  proteasome  inhibitor  MG132  (C)  or  lactacystin  (D).  Cells  were 
exposed  to  either  inhibitor  for  24  hr,  after  which  cell  viability  was  estimated  using  the  MTT  assay  (see  Experimental  Procedures).  Cell  lines 
included  untransfected  cells  (open  squares)  or  cells  transfected  with  empty  vector  (open  circles),  WT  (open  triangles),  A30P  (closed  squares), 
or  A53T  (closed  circles)  a-synuclein.  Results  are  expressed  as  a  percentage  of  untreated  cells  for  each  clonal  line  (n  =  8,  each  curve  is 
representative  of  three  or  more  experiments).  Similar  increased  sensitivity  to  proteasome  inhibition  was  seen  in  a  second  set  of  clonal  lines. 
Statistical  significance  was  estimated  using  two-way  ANOVA  using  cell  lines  and  concentration  of  inhibitors  as  independent  variables.  **p  < 
0.001  for  differences  between  cell  lines,  both  inhibitors  having  a  significant  effect  on  viability  at  p  <  0.001 .  Representative  data  from  one  of 
three  experiments. 


tyrosine  hydroxylase  (TH)-positive  neurons  compared  to 
TH-negative  neurons.  We  show  that  parkin  and  mutant 
a-synuclein  have  opposite  effects  on  neuronal  cell  death 
associated  with  impaired  proteasome  function  and  that 
parkin  is  capable  of  reducing  toxicity  associated  with 
a-synuclein  overexpression.  We  also  show  that  knock¬ 
down  of  parkin  increases  the  sensitivity  of  cells  to  pro¬ 
teasome  inhibition,  suggesting  that  loss-of-function  mu¬ 
tations  in  parkin  would  cause  cell  death  by  the  same 
mechanism  as  gain-of-function  a-synuclein  mutations. 
Furthermore,  the  effects  of  either  mutant  a-synuclein  or 
proteasome  inhibition  are  both  selective  for  TH-positive 
neurons. 


Results 

Overexpression  of  a-Synuclein  and  Sensitivity 
to  Proteasome  Inhibitors 

We  used  human  Ml  7  neuroblastoma  cells  to  explore 
the  relationship  between  mutant  forms  of  a-synuclein 
and  proteasome  function.  Cell  lines  stably  overexpress¬ 
ing  wild-type  or  either  of  the  two  mutants  expressed 
about  a  5-fold  increased  level  of  a-synuclein  compared 
with  untransfected  cells  (Figure  1A).  Although  the  ex¬ 
pression  levels  are  high  compared  with  untransfected 
cells,  a-synuclein  protein  expression  in  human  brain  was 
9-fold  higher  than  untransfected  Ml  7  cells  and  approxi- 
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Figure  2.  Measurements  of  Proteasome  Ac¬ 
tivity  in  Living  Cells 

(A  and  B)  Overexpression  of  mutant 
a-synuclein  decreases  proteasome  activity. 
Stable  cell  lines  (as  in  Figure  1)  were  tran¬ 
siently  transfected  with  the  GFPU  construct 
(see  text  for  description  of  the  construct). 
These  included  vector  (lanes  1-3),  cells  ex¬ 
pressing  wild-type  a-synuclein  (4-6),  A30P 
(7-9),  or  A53T  (10-12)  mutant  a-synuclein. 
Protein  extracts  were  blotted  for  GFP-CL1 
peptide  using  anti-GFP  (top  panel)  then  re¬ 
probed  sequentially  for  a-synuclein  (middle 
panel)  and  p-actin  (bottom  panel).  A  semi- 
quantitative  analysis  was  performed  by  den¬ 
sitometry,  correcting  GFP-CL1  levels  for 
p-actin.  Each  bar  is  the  mean  of  the  samples 
shown  in  (A)  plus  a  duplicate  set  (hence  n  = 
6),  and  error  bars  indicate  the  SEM.  Both  mu¬ 
tant  forms  of  synuclein  increased  the  amount 
of  reporter  construct,  which  was  significant 
between  cell  lines  at  p  <  0.001  by  ANOVA. 
(C-E)  Additive  effects  of  mutant  a-synuclein 
expression  and  proteasome  inhibition.  (C) 
Vector  (lanes  1-6)  or  A30P  mutant  a-synu¬ 
clein  cell  lines  (7-12)  were  transfected  with 
GFPU  then,  after  48  hr,  treated  with  5  |xM  lac¬ 
tacystin  for  6  hr.  Protein  extracts  were  blotted 
for  GFP,  a-synuclein,  and  p-actin  (top,  mid¬ 
dle,  and  bottom  panels,  respectively)  and 
semiquantitative  analysis  for  GFP  immunore- 
activity  (D)  or  a-synuclein  (E)  normalized  to 
p-actin  for  the  same  gel,  bars  are  the  mean 
of  the  samples  shown  in  (C)  plus  a  duplicate 
set  (hence  n  =  6),  and  error  bars  indicate  the 
SEM.  Similar  results  were  obtained  in  dupli¬ 
cate  experiments. 


mately  30%  higher  than  the  highest  expressing  clone 
of  A30P  cells.  We  also  generated  a  second  set  of  lines 
with  similar  levels  of  expression  (data  not  shown). 

We  examined  the  sensitivity  of  these  cell  lines  to  toxic¬ 
ity  induced  by  proteasome  inhibition  (Figure  1C).  Expo¬ 
sure  to  10  |xM  MG132  caused  cell  viability  to  be  de¬ 
creased  to  74%  ±  1%  of  untreated  for  untransfected 
cells  and  76%  ±  0.8%  for  vector  cells  (n  =  8).  For  wild- 
type  a-synuclein  transfectants,  a  small  increase  in  sensi¬ 
tivity  was  noted  at  the  highest  tested  concentration, 


where  cell  viability  was  decreased  to  68%  ±  5%.  Cells 
transfected  with  either  of  the  mutant  forms  of  a-synu¬ 
clein  were  much  more  sensitive  to  MG132.  The  largest 
effect  was  seen  in  cells  overexpressing  A30P  where  cell 
viability  was  30%  ±  0.4%  at  1 0  |jlM  MG1 32.  Overexpres¬ 
sion  of  A53T  a-synuclein  decreased  cell  viability  to 
50%  ±  1  %  at  the  same  concentration.  Similar  results 
were  seen  with  a  second  set  of  clones.  For  example, 
using  two  independent  A30P-expressing  clonal  lines, 
cell  viability  after  exposure  to  10  |jlM  MG132  was  de- 
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Figure  3.  Effects  of  Proteasome  Inhibitors  on  Cell  Viability  in  Ml  7  Cells  Overexpressing  Parkin 

(A)  Parkin  protein  was  measured  by  Western  blotting  using  a  C-terminal  antibody  to  human  parkin  in  clonal  lines  transfected  with  vector  (lane 
1)  or  expression  vector  for  human  parkin  (lane  2).  Full-length  parkin  runs  at  M50  kDa  (arrow)  although  a  C-terminal  fragment  (^42  kDa)  is  also 
noted  in  the  overexpressing  cell  line  (asterisk).  Equal  loading  was  demonstrated  by  reprobing  the  same  blot  with  (3-actin. 

(B  and  C)  Overexpression  of  parkin  protects  cells  against  the  toxic  effects  of  the  proteasome  inhibitor  MG132  (B)  or  lactacystin  (C).  Cells 
stably  transfected  with  parkin  (open  symbols)  or  vector  (closed  symbols)  were  exposed  to  inhibitors  for  24  hr  and  cell  viability  assessed  as 
in  Figure  4.  Statistical  significance  was  estimated  using  two-way  ANOVA  using  cell  lines  and  concentration  of  inhibitors  as  independent 
variables.  *p  <  0.05;  **p  <  0.001  for  differences  between  cell  lines,  both  inhibitors  having  a  significant  effect  on  viability  at  p  <  0.001 .  Similar 
protective  effects  of  parkin  overexpression  were  seen  in  two  independent  experiments  (each  n  =  8). 

(D)  In  an  independent  set  of  experiments,  cells  overexpressing  mutant  Parkin  (R42P)  were  not  protected  from  exposure  to  10  |xM  (filled  bars) 
or  25  |xM  (striped  bars)  lactacystin.  (n  =  8,  representative  of  two  experiments.) 

(E)  Cells  were  transfected  with  vector,  the  E3  ligase  E6-AP,  Parkin  alone,  or  Parkin  in  the  presence  of  a  dominant-negative  inhibitor  of  the  E2 
enzyme  UbCH7  and  exposed  to  10  |xM  lactacystin.  Cell  death  was  quantified  as  above  (n  =  8)  and  expressed  as  a  percentage  of  MTT 
conversion  for  transfected  cells  that  had  not  been  exposed  to  lactacystin.  The  differences  between  vector  and  parkin  transfected  cells  were 
significant. 

(F)  Antisense  knockdown  of  Parkin  increases  steady-state  levels  of  heterologous  substrates.  Ml  7  cells  stably  transfected  with  wild-type  Parkin 
(lanes  3  and  4)  or  an  antisense  parkin  construct  (lanes  5  and  6)  were  transiently  transfected  with  GFPU  reporter  as  above  (upper  panel)  or 
transfected  and  then  treated  with  MG132  (middle  panel).  Vector-only  cells  were  included  as  controls  (lanes  1  and  2,  duplicate  clonal  lines). 
Parallel  samples  were  blotted  for  parkin  (lower  panel)  to  demonstrate  the  level  of  overexpression  and  the  effect  of  antisense  knockdown. 
GFP-CL1  levels  were  unaffected  by  expression  of  parkin  (similar  effects  were  seen  in  two  independent  experiments),  although  antisense 
parkin  cell  lines  did  show  an  accumulation  of  GFP-CL1. 

(G)  MTT  assays  in  the  same  cell  lines  show  that  cells  transfected  with  antisense  parkin  (open  circles)  are  more  sensitive  to  MG132  toxicity 
compared  to  vector-only  lines  (closed  circles)  or  cells  transfected  with  WT  parkin  (closed  triangles).  Results  are  expressed  as  a  percentage 
of  untreated  cells  for  each  clonal  line  (n  =  8,  each  curve  is  representative  of  two  or  more  experiments). 
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Figure  4.  Characterization  of  a-Synuclein 
and  p-Synuclein  Expression  in  Primary  Post¬ 
natal  Midbrain  Neurons 
Primary  neuronal  cultures  from  postnatal 
mouse  midbrain  were  stained  with  polyclonal 
antibodies  to  tyrosine  hydroxylase  (TH,  green 
in  [A]-[D])  and  monoclonal  antibodies  to 
a-synuclein  ([A]  and  [B]  shows  higher  mag¬ 
nification)  or  synaptophysin  ([C],  higher  mag¬ 
nification  shown  in  [D]).  The  monoclonal 
antibody  clone  42  (A  and  B)  recognizes  en¬ 
dogenous  (mouse)  a-synuclein.  Staining  for 
(3-synuclein  was  performed  using  a  poly¬ 
clonal  antibody  (green  in  [E]  and  [F])  in  combi¬ 
nation  with  monoclonal  anti-TH  (red  in  [E]  and 
[F]).  All  three  proteins  were  expressed  in  both 
TH-positive  (arrows)  and  TH-negative  cells 
with  similar  patterns.  Higher  magnification  of 
TH-positive  cells  (B,  D,  and  F)  demonstrated 
localization  at  the  cell  membrane,  reminis¬ 
cent  of  synaptic  structures  (arrowheads).  All 
images  were  captured  using  a  confocal  mi¬ 
croscope,  and  merged  images  of  both  chan¬ 
nels  are  shown,  yellow  indicating  overlap  be¬ 
tween  the  green  and  red  channels.  Scale  bars 
represent  50  |xm. 


creased  to  27%  ±  1  %  in  one  clone  and  30%  ±  0.4% 
in  the  second.  Consistent  results  were  also  obtained  for 
two  each  of  A53T  and  wild-type  a-synuclein  clones  (data 
not  shown).  The  differences  between  different  clonal 
cell  lines  were  significant  (p  <  0.0001)  using  two-way 
ANOVA,  as  was  the  effect  of  MG132  across  all  cell  lines 
(p  <  0.0001).  We  also  exposed  cells  to  the  structurally 
unrelated  inhibitor,  lactacystin  (Figure  1 D).  Lactacystin 
required  concentrations  of  up  to  25  |jlM  to  produce  loss 
of  cell  viability  to  70%  (Figure  ID).  Increased  toxicity 
was  noted  in  cell  lines  expressing  either  A30P  or  A53T 
a-synuclein.  A  small  effect  of  wild-type  a-synuclein  was 
also  seen.  The  differences  between  different  clonal  cell 
lines  were  significant  (p  =  0.004),  as  was  the  effect  of 
lactacystin  (p  <  0.0001 ).  Similar  results  were  seen  in  exper¬ 
iments  using  a  second  set  of  clonal  cell  lines.  Results 
presented  here  using  MTT  conversion  are  similar  to  pre¬ 
vious  reports  using  Trypan  blue  dye  exclusion  as  a  mea¬ 
sure  of  cell  death  (Tanaka  et  al.,  2001).  To  address  the 
possibility  that  such  effects  might  be  due  to  inhibition 
of  other  proteases,  we  exposed  cells  to  the  cell-soluble 
calpain  inhibitor  E64d.  This  compound  was  without  ef¬ 
fect  on  cell  viability  up  to  100  |xM,  which  approached 
the  limit  of  solubility  (data  not  shown). 


We  next  examined  the  mechanism  by  which  mutant 
a-synuclein  increases  cellular  sensitivity  to  proteasome 
inhibitors.  We  measured  net  proteasomal  activity  in  liv¬ 
ing  cells  using  the  GFPU  reporter  construct  (Bence  et 
al.,  2001).  When  transfected  into  cells,  the  CL1  peptide 
(Gilon  et  al.,  1 998)  sequence  fused  to  GFP  leads  to  rapid 
destruction  of  the  protein,  and  in  control  cell  lines  we 
found  only  small  amounts  of  GFP-CL1  peptide  (Figure 
2).  The  amount  of  reporter  construct  accumulation  in 
cells  transfected  with  wild-type  a-synuclein  was  similar 
to  that  in  vector-transfected  cells  but  much  higher  in 
cells  expressing  A30P  or  A53T  mutants  (Figures  2A  and 
2B).  The  differences  in  amounts  of  GFP-CL1  between 
the  cell  lines  were  statistically  significant  (p  <  0.01  by 
ANOVA).  We  also  treated  vector-  or  A30P-transfected  cells 
with  5  |xM  lactacystin  for  5  hr,  which  increased  steady- 
state  levels  of  the  GFP-CL1  fusion  protein.  This  effect 
was  enhanced  in  the  presence  of  A30P  mutant  a-synu¬ 
clein  (Figure  2D).  Therefore,  mutant  a-synuclein  inhibits 
proteasome  function  in  a  manner  that  is  additive  to  the 
effect  of  pharmacological  inhibition  of  the  proteasome. 
There  was  no  effect  of  lactacystin  on  steady-state  a-synu¬ 
clein  levels  in  experiments  where  an  increased  GFP- 
CL1  reporter  protein  demonstrated  unequivocally  that 
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Figure  5.  Overexpression  of  a-Synuclein  in  Primary  Neurons 

(A  and  B)  Midbrain  or  hippocampal  neurons  were  transduced  with  human  a-synuclein  (WT  or  A53T)  and  protein  extracts  (10  |xg/lane)  blotted 
with  (A)  either  monoclonal  42  (recognizes  rodent  and  human  a-synuclein)  or  (B)  LB509  (human  a-synuclein  only).  Similar  levels  of  expression 
were  obtained  with  each  of  the  viral  constructs.  Untransfected  cells  (UT)  and  cells  transduced  with  a  LacZ  construct  were  used  as  controls. 


Proteasome  Failure  and  Parkinson’s  Disease 
1013 


there  was  proteasome  inhibition  (Figure  2E).  Given  the 
possible  inhibitory  effect  of  p-synuclein  on  a-synuclein 
toxicity  (Hashimoto  et  al.,  2001),  we  also  examined 
p-synuclein  expression  in  the  same  cell  extracts.  We 
were  unable  to  detect  p-synuclein  protein  in  either  basal 
conditions  or  after  proteasome  inhibition,  although  the 
antibodies  used  did  detect  expression  of  this  protein  in 
human  brain  (data  not  shown)  and  in  primary  mouse 
cultures  (see  below). 

Manipulation  of  Parkin  Expression  Levels 
and  Sensitivity  to  Proteasome  Inhibitors 
The  above  data  demonstrate  that  the  overexpression  of 
mutant  a-synuclein  results  in  an  increased  sensitivity  of 
cells  to  loss  of  viability  induced  by  proteasome  inhibi¬ 
tion.  We  examined  what  effect  increased  parkin  activity 
might  have  on  the  same  parameters.  Stable  cell  lines 
transfected  with  the  parkin  cDNA  had  substantially  in¬ 
creased  parkin  protein  expression  (Figure  3A).  Over¬ 
expression  of  parkin  partially  rescued  cells  from  the 
toxic  effects  of  MG132  (Figure  3B)  or  lactacystin  (Figure 
3C),  with  cell  viability  being  1 0%-20%  higher  in  the  par¬ 
kin  cell  lines  compared  to  controls  at  all  doses  of  either 
compound.  This  effect  was  statistically  robust  (p  <  0.001 
for  MG132,  and  p  <  0.004  for  lactacystin). 

Further  experiments  confirmed  that  the  observed  res¬ 
cue  of  parkin  is  dependent  on  its  E3  ligase  activity.  A 
mutant  form  of  parkin  associated  with  loss  of  E3  ligase 
activity  (R42P)  was  not  able  to  rescue  cells  in  an  inde¬ 
pendent  set  of  experiments  (Figure  3D).  Again,  the  differ¬ 
ences  between  wild-type  parkin  and  R42P  parkin  were 
statistically  significant  (p  <  0.001  for  differences  be¬ 
tween  wild-type  parkin  and  either  vector  alone  or  R42P). 
Coexpression  of  a  dominant-negative  E2  enzyme  (UbCH7) 
also  ameliorated  the  protective  effect  of  parkin  (Figure 
3E).  We  also  examined  the  effects  of  overexpression  of 
a  second  E3  ligase,  E6AP,  which  was  not  protective 
in  these  cells  (Figure  3E).  Experiments  using  the  GFPU 
construct  demonstrated  that  there  was  no  alteration  in 
the  amount  of  GFP-CL1  in  the  cells  when  transfected 
with  parkin,  either  under  basal  conditions  or  after  MG1 32 
treatment  (Figure  3F),  although  MG132  did  increase 
GFP-CL1  levels  in  this  experiment  as  in  the  experiments 
shown  in  Figure  2  .  Parkin  does  not,  therefore,  act  as 
an  E3  ligase  for  this  artificial  proteasome  reporter  (see 
Discussion).  However,  the  above  experiments  do  not 
address  what  would  occur  if  parkin  activity  within  the 


cell  was  reduced,  as  occurs  in  ARJP.  To  model  this 
effect,  we  generated  cell  lines  with  an  antisense  con¬ 
struct  that  had  lower  steady-state  levels  of  parkin  pro¬ 
tein.  This  antisense  knockdown  of  parkin  does  increase 
GFPU  levels  within  the  cell,  and  MG132  has  an  additive 
effect  (Figure  3F).  This  suggests  that  loss  of  parkin  activ¬ 
ity  increases  the  level  of  heterologous  substrates,  pre¬ 
sumably  due  to  increased  levels  of  parkin  substrates 
competing  for  ubiquitination  and/or  proteasome-medi- 
ated  degradation.  Proteasome  inhibitors  are  more  toxic 
in  cell  lines  transfected  with  an  antisense  parkin  con¬ 
struct  (Figure  3G). 

Mutant  a-Synuclein  Triggers  Selective  Cell  Death 
in  Primary  Neuronal  Culture 

Primary  neuronal  cultures  from  the  midbrain  of  postnatal 
mice  (Mena  et  al.,  1 997)  were  used  to  examine  the  effects 
of  a-synuclein  overexpression  and  proteasome  inhibi¬ 
tion  on  different  neuronal  groups.  These  cultures  are 
predominantly  from  the  nigral  area  and  have  a  higher 
proportion  of  TH-positive  catecholaminergic  neurons 
than  commonly  used  embryonic  mesencephalic  neuron 
preparations,  with  TH-positive  cells  representing  about 
20%-30%  of  the  total  neuronal  population.  The  TH  anti¬ 
bodies  we  used  in  these  experiments  recognized  an 
appropriately  sized  band  in  extracts  from  whole  mouse 
brain  or  from  midbrain  cultures  but  not  in  hippocampal 
cultures  (data  not  shown).  We  characterized  the  expres¬ 
sion  of  (mouse)  a-  and  p-synuclein  in  these  cells  (Figure 
4).  Both  TH-positive  and  TH-negative  neurons  expressed 
a-synuclein  (Figures  4A  and  4B)  at  the  cell  surface  in  a 
punctate  pattern  reminiscent  of  synaptic  proteins  such 
as  synaptophysin  (Figures  4C  and  4D),  similar  to  hippo¬ 
campal  neurons  (Murphy  et  al.,  2000).  In  addition,  we 
also  noted  a-synuclein  immunoreactivity  in  the  cyto¬ 
plasm.  This  was  not  limited  to  either  TH-positive  or  TH- 
negative  cells  but  was  seen  in  many  midbrain  neurons. 
Expression  of  p-synuclein  (Figures  4E  and  4F)  was  also 
synaptic  and  seen  in  both  cell  populations  at  similar 
levels. 

We  next  transduced  primary  midbrain  cultures  with 
wild-type  or  mutant  a-synuclein  and  monitored  expres¬ 
sion  by  Western  blotting  or  immunocytochemistry.  Two 
monoclonal  antibodies,  clone  42  and  LB509,  were  used 
to  distinguish  overexpressed  human  a-synuclein  from 
endogenous  mouse  a-synuclein,  respectively.  Trans¬ 
duction  with  wild-type  or  mutant  a-synuclein  produced 


Left-hand  panels  show  controls  using  brain  lysates  from  mouse  (mo)  or  human  (hu)  cerebral  cortex.  Blotting  using  monoclonal  antibody  42 
yielded  a  major  band  at  19  kDa  (arrow)  plus  a  smaller  degradation  product  with  an  apparent  molecular  weight  of  16-17  kDa  (arrowhead):  this 
smaller  product  was  not  seen  with  LB509. 

(C-K)  Expression  of  human  a-synuclein  in  catecholaminergic  neurons.  Primary  midbrain  catecholaminergic  neurons  (TH-positive,  green)  were 
transduced  at  multiplicities  of  infection  (MOIs)  of  5-10  with  HSV1  expressing  lacZ  (C,  D,  and  E)  as  a  negative  control  or  a-synuclein  (WT, 
[F-H];  A53T,  [l-K]).  Transduction  was  demonstrated  using  a  human  specific  monoclonal  antibody  LB509  (red),  and  more  than  95%  of  cells 
were  LB509  positive.  Merged  images  are  shown  on  the  right  of  each  set  of  photomicrographs.  Scale  bar  in  (K)  represents  50  |xm  and  applies 
to  all  panels.  Representative  data  is  shown  from  one  of  four  experiments. 

(L-M)  Overexpression  of  mutant  a-synuclein  in  primary  midbrain  neurons  is  associated  with  selective  cell  death  of  TH-positive  cells.  Cells 
were  transduced  with  either  LacZ  (negative  control),  WT,  or  mutant  (A53T)  a-synuclein  and  cell  numbers  estimated  by  counting  using  TH  and 
MAP2  staining.  Although  there  was  a  significant  reduction  in  TH-positive  cell  numbers  (L),  TH-negative  cells  in  the  midbrain  (M)  and  hippocampal 
cells  (N)  were  not  affected.  Each  open  circle  is  the  average  cell  counts  from  one  experiment  with  six  fields  counted  in  each  of  three  cultures 
(hence  n  =  18):  closed  circles  represent  the  mean  from  each  of  three  experiments,  with  error  bars  representing  the  SEM  between  experiments. 
Statistical  significance  was  assessed  using  one-way  ANOVA  with  Student-Neuman-Kuells  post-hoc  tests  between  each  group,  ns,  not 
significant. 
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similar  levels  of  overexpression  (Figures  5A  and  5B).  To 
confirm  that  TH-positive  neurons  in  midbrain  cultures 
were  transduced,  cells  were  costained  for  TH  and  hu¬ 
man  a-synuclein  using  LB509  (Figures  5C-5K).  We  esti¬ 
mated  that  after  transduction  at  a  multiplicity  of  infection 
(MOI)  of  1 0,  more  than  95%  of  TH-positive  neurons  ex¬ 
pressed  human  a-synuclein.  TH-negative  neurons  were 
transduced  at  similarly  high  rates,  showing  almost  1 00% 
infectivity  at  MOIs  of  5-1 0  (data  not  shown).  Overexpres¬ 
sion  in  this  acute  model  does  not  result  in  the  formation 
of  microscopically  visible  a-synuclein  aggregates  (Fig¬ 
ure  5J). 

Cell  counts  were  performed  to  assess  whether  the 
overexpressed  a-synuclein  induced  any  toxicity  in  TH- 
positive  neurons.  In  each  experiment,  we  counted  six 
fields  in  each  of  three  cultures.  We  also  repeated  the 
whole  series  three  times  with  independent  purifications 
of  viral  particles,  and  the  data  presented  (Figure  5L) 
shows  the  interexperiment  variation.  We  were  able  to 
demonstrate  a  clear  toxic  effect  of  A53T  a-synuclein  in 
TH-positive  cells.  We  were  not  able  to  demonstrate  an 
effect  with  wild-type  a-synuclein  under  these  condi¬ 
tions.  TH-negative  midbrain  neurons  (Figure  5M)  or  hip¬ 
pocampal  neurons  (Figure  5N)  were  unaffected  by  the 
presence  of  A53T  a-synuclein. 

TH-Positive  Neurons  Are  Selectively  Vulnerable 
to  Proteasome  Inhibition 

We  next  examined  whether  proteasome  inhibition  was 
sufficient  to  produce  selective  neuronal  cell  loss  in  the 
same  manner  as  a-synuclein  overexpression.  The  num¬ 
bers  of  TH-positive  neurons  in  MG132  were  decreased 
compared  to  controls,  with  remaining  cells  often  show¬ 
ing  shrinkage  of  cell  bodies  and  retraction  of  neuritic 
processes  (Figures  6A  and  6B).  Previous  reports  of  cell 
death  induced  by  proteasome  inhibitors  in  the  presence 
of  mutant  a-synuclein  have  given  contradictory  results 
on  the  mode  of  cell  death,  finding  evidence  for  apoptosis 
(Tanaka  et  al.,  2001)  or  autophagy  (Stefanis  et  al.,  2001). 
In  our  cultures  exposed  to  proteasome  inhibitors,  coun- 
terstaining  nuclei  with  Hoechst  33342  revealed  that  even 
in  damaged  cells  the  nuclei  remained  intact,  unlike  apo¬ 
ptosis.  The  numbers  of  TH-positive  cells  were  signifi¬ 
cantly  reduced  at  higher  concentrations  of  lactacystin 
or  MG132  (Figures  6C  and  6E),  while  the  number  of  TH- 
negative  neurons  was  unaffected  (Figures  6D  and  6F). 
Using  one-way  ANOVA  with  Student-Newman-Kuells 
post-hoc  test  to  evaluate  the  effects  of  proteasome  inhi¬ 
bition  on  numbers  of  TH-positive  cells  remaining,  MG132 
had  a  significant  (p  <  0.05)  effect  at  both  1  and  5  |xM, 
whereas  the  effect  of  lactacystin  was  significant  only  at 
10  |jlM.  We  also  examined  the  effects  of  proteasome 
inhibitors  on  A53T  a-synuclein-infected  primary  cultures 
(Figures  6G  and  6H).  The  two  treatments  had  an  additive 
effect  (p  <  0.01  by  ANOVA  for  all  groups),  although  the 
loss  of  TH-positive  cells  was  not  complete  after  24  hr, 
the  time  point  used  for  this  study.  We  examined  cells 
transduced  with  A53T  synuclein  and  treated  with  MG1 32 
after  staining  with  Hoechst  33342  (as  in  Figures  6A  and 
6B)  and  again  did  not  find  evidence  for  apoptosis  (data 
not  shown). 


Parkin  Rescues  the  Toxicity  of  Mutant 
a-Synuclein  in  Primary  Neurons 
We  reasoned  that  as  parkin  protected  cells  against  pro¬ 
teasome  inhibition  and  mutant  a-synuclein  overexpres¬ 
sion  inhibited  the  proteasome  then  parkin  might  be  pro¬ 
tective  against  toxicity  associated  with  overexpression 
of  mutant  a-synuclein.  We  repeated  the  experiments 
using  A53T  a-synuclein  and  coexpressed  either  lacZ  as 
a  control  or  parkin  (Figures  7A  and  7B).  Cotransduction 
of  parkin  restored  the  number  of  counted  neurons  back 
to  levels  similar  to  cultures  treated  with  lacZ  alone.  Using 
one-way  ANOVA  with  post-hoc  tests  as  above,  the  loss 
of  TH-positive  neurons  was  significantly  different  (p  < 
0.05)  from  controls  and  from  cultures  treated  with  parkin 
and  a-synuclein  (p  <  0.05),  but  the  difference  between 
cotransduced  cultures  and  control  cells  was  not  signifi¬ 
cant.  Similarly  to  experiments  in  cell  lines,  Parkin  was 
able  to  rescue  to  selective  toxicity  of  MG132  to  primary 
cells  (Figures  7C  and  7D). 

Discussion 

In  the  current  study,  we  have  examined  manipulation  of 
two  genes  that  show  association  with  familial  PD  on 
cellular  sensitivity  to  proteasome  inhibition  and  have 
examined  aspects  of  neuronal  selectivity.  There  was  an 
increased  sensitivity  of  cells  overexpressing  a-synuclein 
to  proteasome  inhibition,  similar  to  previous  reports  (Lee 
et  al.,  2001b;  Tanaka  et  al.,  2001).  Mutant  a-synuclein 
also  sensitizes  cells  to  other  insults  (Junn  and  Moura- 
dian,  2002;  Ko  et  al.,  2000;  Lee  et  al.,  2001b;  Ostrerova- 
Golts  et  al.,  2000;  Zhou  et  al.,  2000),  but  we  and  others 
(Stefanis  et  al.,  2001;  Tanaka  et  al.,  2001)  have  demon¬ 
strated  that  one  effect  of  mutant  a-synuclein  is  to  reduce 
the  net  proteasomal  activity  in  living  cells.  Therefore, 
proteasome  inhibition  is  likely  to  make  a  significant  con¬ 
tribution  to  cell  death  induced  by  mutant  a-synuclein. 
The  inhibition  of  proteasome  function  by  mutant  a-synu¬ 
clein  may  be  a  direct  inhibition  of  proteasome  activity, 
as  a-synuclein  can  bind  to  one  of  the  regulatory  subunits 
of  the  proteasome  (Ghee  et  al.,  2000)  or  the  presence 
of  large  amounts  of  misfolded  or  unfolded  proteins,  such 
as  mutant  a-synuclein,  might  inhibit  the  ubiquitin-pro- 
teasome  pathway  indirectly  (Bence  et  al.,  2001). 

Overexpression  of  parkin  protected  against  toxicity 
associated  with  reduced  proteasome  function.  The  lack 
of  effect  of  the  recessive  R42P  parkin  mutation,  which 
lacks  ubiquitination  activity  (Shimura  et  al.,  2001),  dem¬ 
onstrates  that  mutant  forms  of  parkin  are  unable  to  pro¬ 
tect  dopaminergic  neurons  against  proteasome  failure. 
Therefore,  both  genes  implicated  in  familial  PD  alter 
the  ability  of  neurons  to  tolerate  reduced  proteasome 
activity.  We  have  shown  that  the  E3  ligase  activity  of 
Parkin  is  required  for  protection,  as  a  dominant-negative 
E2  mutant  could  ameliorate  this  effect.  Experiments  us¬ 
ing  the  GFPU  reporter  show  that  Parkin  does  not  increase 
net  proteasome  activity,  consistent  with  the  role  of  this 
E3  ligase  in  controlling  entry  of  target  proteins  into  the 
proteasome  via  ubiquitination,  and  does  not  alter  the 
steady-state  levels  of  a-synuclein.  Parkin  is  also  protec¬ 
tive  in  some  other  models  of  cell  death,  such  as  ER 
stress,  but  is  not  protective  against  all  insults,  including 
staurosporine  (Imai  et  al.,  2000).  We  suggest  that  parkin 
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Figure  6.  Catecholaminergic  Neurons  Are 
Preferentially  Susceptible  to  Proteasome  In¬ 
hibition  in  Primary  Culture 
(A  and  B)  Primary  midbrain  cultures  were  left 
untreated  (A)  or  exposed  to  10  |xM  MG132 
for  24  hr  (B)  and  stained  for  MAP2  (red),  TH 
(green),  and  Hoechst  33342  (blue)  to  demon¬ 
strate  nuclear  morphology.  Exposure  to  the 
proteasome  inhibitor  caused  TH-positive 
cells  to  become  shrunken  and  retract  pro¬ 
cesses,  but  nuclei  remained  intact  (inset  in  [B]). 
(C-F).  Cell  counts  after  exposure  to  MG1 32  (C 
and  D)  or  lactacystin  (E  and  F).  Both  inhibitors 
substantially  affected  the  TH-positive  neu¬ 
ronal  population  (C,E),  whereas  TH-negative/ 
MAP2-positive  neurons  (D  and  F)  were  unaf¬ 
fected.  Data  are  shown  as  cell  counts  from 
six  randomly  selected  microscope  fields  in 
each  of  three  replicate  cultures  (hence  n  = 
1 8)  and  is  representative  of  two  to  four  inde¬ 
pendent  experiments  with  different  batches 
of  primary  cells.  Statistical  significance  was 
assessed  using  one-way  ANOVA  with  Stu- 
dent-Neuman-Kuells  post-hoc  tests  between 
each  group  (*p  <  0.05). 

(G  and  H)  Additive  effect  of  a-synuclein  over¬ 
expression  and  proteasome  inhibition.  Pri¬ 
mary  cells  as  above  were  transduced  with 
mutant  a-synuclein  as  in  Figure  5  for  24  hr 
then  exposed  to  MG132  for  a  further  24  hr. 
Cell  counts  revealed  a  loss  of  TH-positive 
neurons  (G)  after  either  treatment  but  an  addi¬ 
tive  effect  of  both  treatments  together  (*p  < 
0.05  by  one-way  ANOVA  with  Student-New- 
man-Kuells  post-hoc  test). 


protects  against  the  accumulation  of  its  specific  protein 
target(s).  Accumulation  of  these  downstream  target  pro¬ 
teins  may  also  be  promoted  through  ER  stress  due  to 
a  decreased  ability  of  the  cells  for  proper  protein  folding. 
The  nature  of  the  targets  for  parkin’s  E3  ligase  activity 
is  still  under  investigation,  although  several  candidates 
have  been  reported  (Chung  et  al.,  2001 ;  Imai  et  al.,  2001 ; 
Shimura  et  al.,  2001;  Zhang  et  al.,  2000).  We  also  show 
that  knockdown  of  parkin  using  a  stable  antisense  con¬ 
struct  increased  sensitivity  of  cells  to  proteasome  inhibi¬ 
tion.  This  is,  in  many  ways,  a  better  model  for  loss-of- 
function  mutations  than  overexpression  of  the  wild-type 
protein.  In  ARJP,  for  example,  homozygous  large-scale 


deletions  are  predicted  to  reduce  enzyme  activity  to 
extremely  low  levels  and  hence  an  antisense  experiment 
is  closer  to  this  disease  model  than  overexpression.  In 
this  experimental  setting,  there  is  a  clear  accumulation 
of  heterologous  substrates,  as  evidenced  by  accumula¬ 
tion  of  the  GFP-CL1  reporter  peptide,  suggesting  that 
loss-of-function  alleles  would  decrease  the  ability  of 
nigral  neurons  to  regulate  levels  of  proteasome  sub¬ 
strates.  It  has  been  shown  recently  that  proteasome 
inhibition  in  vivo  damages  nigral  neurons  (McNaught  et 
al.,  2002).  Our  results  predict  that  loss  of  parkin  function 
would  have  the  same  effect. 

Both  overexpression  of  mutant  a-synuclein  and  pro- 
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Figure  7.  Parkin  Rescues  Toxicity  Associ¬ 
ated  with  Mutant  a-Synuclein  or  Proteasome 
Inhibition  in  Primary  Midbrain  Cells 
Primary  midbrain  neurons  were  transduced 
with  both  mutant  a-synuclein  and  wild-type 
human  parkin.  Where  either  virus  was  absent 
(-),  LacZ  was  substituted  to  keep  the  total 
number  of  viral  particles  similar.  There  was 
a  significant  reduction  in  the  number  of  TH- 
positive  neurons  (A),  which  was  ameliorated 
by  coexpressing  parkin.  No  effect  on  TH-neg- 
ative  cells  was  noted  (B).  Data  are  shown  as 
cell  counts  from  six  randomly  selected  micro¬ 
scope  fields  in  each  of  three  replicate  cultures 
(hence  n  =  18),  and  statistical  significance 
was  assessed  using  one-way  ANOVA  with 
Student-Neuman-Kuells  post-hoc  tests  be¬ 
tween  each  group  (*p  <  0.05;  ns,  not  signifi¬ 
cant).  Similar  protective  effects  were  noted 
using  exposure  to  MG132  to  induce  toxicity 
(C  and  D)  where  selective  toxicity  to  TH-posi- 
tive  cells  was  noted  (C).  The  numbers  of  cell 
counts  and  statistical  tests  are  as  in  (A) 
and  (B). 


teasome  inhibition  produce  selective  loss  of  TH-positive 
neurons.  Therefore,  proteasome  inhibition  is  sufficient 
to  mimic  the  effects  of  mutant  a-synuclein.  It  is  not  the 
case  that  all  catecholaminergic  neurons  are  severely 
affected  in  PD,  while  all  non-dopaminergic  neurons  are 
spared  (Braak  and  Braak,  2000).  Nonetheless,  we  have 
shown  that  the  SN  contains  a  population  of  TH-positive 
cells  that  are  particularly  sensitive  to  both  proteasome 
inhibition  and  a-synuclein  overexpression.  The  higher 
sensitivity  of  catecholaminergic  neurons  to  damage  in¬ 
duced  by  overexpression  of  mutant  a-synuclein  may 
be  due  to  the  ability  of  catecholamines  to  promote  the 
formation  of  protofibrillar  forms  of  a-synuclein  (Conway 
et  al.,  2001).  It  has  been  suggested  that  a-synuclein 
protofibrils  are  a  major  toxic  species  of  this  protein, 
and  mutations  in  a-synuclein  also  promote  protofibril 
formation  (Conway  et  al.,  2000).  Recently,  it  has  been 
shown  that,  in  cultured  human  dopaminergic  neurons, 
dopamine  is  required  for  the  toxic  effects  of  mutant 
a-synuclein,  supporting  this  hypothesis  (Xu  et  al.,  2002). 
We  have  not  seen  a  protective  effect  of  the  same  tyro¬ 
sine  hydroxylase  inhibitor  (a-methyl-para-tyrosine;  AMPT) 
in  the  stable  cell  lines  we  used  in  this  study,  but  this  is 
confounded  by  a  small  toxic  effect  of  AMPT  alone  in 
our  hands  (M.R.C.  and  M.B.,  unpublished  data).  In  our 
experiments,  mutant  a-synuclein  is  more  toxic  to  TH- 
positive  cells  than  the  wild-type  protein.  Overexpression 
of  a-synuclein  in  embryonic  mesencephalic  cultures 
(Zhou  et  al.,  2000)  or  human  dopaminergic  cells  (Xu 
et  al.,  2002)  produces  a  similar  effect.  In  some  mouse 
transgenic  models,  there  is  pathology  associated  with 
a  substantial  overexpression  of  wild-type  a-synuclein, 
and  there  are  reports  of  dopaminergic  cell  loss  in  some 
(Masliah  et  al.,  2000)  but  not  all  (Matsuoka  et  al.,  2001; 
Rathke-Hartlieb  et  al.,  2001;  VanDerPutten  et  al.,  2000) 
models.  In  a  Drosophila  model,  loss  of  dopaminergic 
neurons  is  also  seen  (Feany  and  Bender,  2000)  with 
mutant  a-synuclein  having  a  more  substantial  effect 
than  wild-type.  Our  data  are  similar  to  viral-mediated 
gene  transfer  experiments  where  mutant  a-synuclein 
produces  nigral  cell  loss  (Kirik  et  al.,  2002). 


We  did  not  find  microscopically  visible  protein  aggre¬ 
gates,  nor  did  we  see  the  formation  of  higher  molecular 
weight  species  of  a-synuclein  as  seen  in  some  models 
(Lee  et  al.,  2001a).  We  believe  that  this  is  compatible 
with  the  idea  that  protein  aggregation  to  the  extent  of 
formation  of  insoluble  fibrillar  species  is  not  a  required 
step  for  a-synuclein  toxicity.  Soluble  protein  complexes 
appear  to  mediate  the  toxic  effects  of  mutant  a-synu¬ 
clein  in  human  dopaminergic  cells  (Xu  et  al.,  2002).  The 
formation  of  protein  aggregates  is  clearly  relevant  to  the 
human  disease,  as  the  formation  of  insoluble  protein 
deposits  in  the  form  of  Lewy  bodies  occurs  in  surviving 
neurons.  Previous  results  using  iron/dopamine-medi- 
ated  toxicity  have  shown  that  although  formation  of  pro¬ 
tein  aggregates  and  toxicity  can  be  seen  under  similar 
conditions,  these  are  dissociatable  phenomena  (Ostrer- 
ova-Golts  et  al.,  2000).  Proteasome  inhibition  might  con¬ 
ceivably  affect  the  fibrillization  properties  of  a-synuclein 
through  the  phenomenon  of  “molecular  crowding”  (Ellis, 
2001).  Two  recent  studies  have  demonstrated  that  in¬ 
creasing  the  concentration  of  macromolecules  in  the 
immediate  surroundings  of  a-synuclein  increases  its 
propensity  to  form  protofibrillar  and  fibrillar  species 
(Shtilerman  et  al.,  2002;  Uversky  et  al.,  2002).  By  inhib¬ 
iting  proteasome  function,  concentrations  of  many  cyto¬ 
solic  proteins  will  increase,  thereby  inducing  a  molecular 
crowding  effect.  Therefore,  if  formation  of  protofibrillar 
forms  of  a-synuclein  is  important  for  the  toxicity  of  the 
mutant  forms,  proteasome  inhibitors  are  likely  to  accel¬ 
erate  this  process,  without  having  an  effect  on  net 
a-synuclein  protein  concentrations.  Protection  by  par¬ 
kin  of  TH-positive  neurons  exposed  to  either  mutant 
a-synuclein  or  proteasome  inhibition  suggests  that 
these  two  stresses  damage  cells  by  similar  mechanisms. 
In  the  results  reported  here,  antisense-mediated  knock¬ 
down  of  parkin  also  increased  levels  of  heterologous 
substrates,  again  potentially  inducing  accumulation  of 
several  toxic  proteins  and  inducing  a  crowding  effect. 

The  protective  effect  of  parkin  on  loss  of  TH-positive 
neurons  mediated  by  mutant  a-synuclein  demonstrates 
that  these  two  proteins  have  interrelated  effects.  The 
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above  data  suggest  that  an  increased  sensitivity  of  cells 
to  the  toxic  effects  of  proteasome  inhibition  link  a-synu- 
clein  and  parkin  as  well  as  providing  an  explanation 
for  the  selective  loss  of  a  subgroup  of  dopaminergic 
neurons  in  PD.  Whether  proteasome  inhibition  will  pro¬ 
vide  a  full  explanation  for  neuronal  damage  in  PD  is  not 
clear.  There  are  several  genes  linked  to  familial  PD  that 
remain  to  be  identified,  and  it  will  be  critical  to  evaluate 
whether  manipulations  of  these  products  also  produces 
increased  sensitivity  to  proteasome  inhibition. 

Experimental  Procedures 

Human  Neuroblastoma  Cell  Lines 

The  production  of  stable  cell  lines  overexpressing  wild-type  or  mu¬ 
tant  a-synuclein  from  parental  BE  (2)-M17  human  dopaminergic 
neuroblastoma  cells  has  been  detailed  elsewhere  (Ostrerova-Golts 
et  al.,  2000).  Full-length  parkin  cDNA  was  cloned  into  the  same 
vector  and  transfections  performed  as  described  previously  (Ostre- 
rova-Golts  et  al.,  2000).  An  antisense  construct  was  made  by  placing 
the  first  100  bp  of  coding  sequence  for  parkin  into  pCDNA3.1  in  the 
reverse  orientation  relative  to  the  vector  promoter.  Stable  clones 
were  prepared  as  above  and  screened  for  reduced  parkin  expres¬ 
sion.  For  the  present  study,  clonal  lines  for  both  a-synuclein  and 
parkin  were  made  by  limiting  dilution  and  were  maintained  on  500 
ixg  mL-1  G418.  Stable  clonal  lines  were  screened  for  a-synuclein 
expression  by  Western  blotting  using  monoclonal  antibody  to 
a-synuclein  (Clone  42,  Transduction  Labs).  Cell  lysates  (10  |xg  total 
protein  per  lane)  were  separated  on  16%  SDS-PAGE  gels  (Novex) 
and  transferred  to  Immobilon  membranes  (Immobilon,  Inc).  Asoluble 
extract  of  adult  human  cerebral  cortex  was  used  as  a  positive  con¬ 
trol.  After  probing  with  primary  antibody  (1 :1 000),  blots  were  devel¬ 
oped  with  peroxidase-labeled  secondary  antibodies  (Jackson  Im¬ 
munochemicals)  using  enhanced  chemiluminescence  substrates 
(Amersham).  Blots  were  reprobed  with  (3-actin  (Sigma,  clone  AC15, 
1 :5000)  to  verify  equal  loading.  Quantitation  of  a-synuclein  expres¬ 
sion  was  performed  by  capturing  enhanced  chemiluminescence  us¬ 
ing  a  CCD  camera-based  system  (Alphalmager,  Alpha  Innotech 
Corp).  Parkin  expression  was  also  monitored  by  Western  blotting 
using  a  rabbit  polyclonal  antibody  to  the  C  terminus  of  parkin  (Cell 
Signaling  Technology,  1:2000  dilution).  Cell  viability  was  assessed 
using  the  MTT  assay,  as  described  previously  (Cookson  et  al.,  1 998). 
For  each  experiment,  8  wells  were  used  per  concentration  of  either 
compound,  and  each  experiment  was  repeated  three  times  with 
similar  results. 

Measurement  of  Proteasome  Function  in  Living  Cells 
Stable  cell  lines  were  transiently  transfected  with  the  GFPU  construct 
(Bence  et  al.,  2001)  and  24  hr  later  were  treated  with  5  |xM  lactacystin 
for  6  hr  or  left  untreated  as  controls.  Protein  extracts  and  Western 
blotting  were  performed  as  above  to  measure  steady-state  amounts 
of  GFP-CL1  fusion  protein  in  the  cells  using  a  monoclonal  antibody 
to  GFP  (Clontech).  Blots  were  reprobed  with  monoclonal  anti- 
a-synuclein  and  subsequently  with  monoclonal  anti  (3-actin  as  de¬ 
scribed  above. 

Primary  Cell  Cultures 

Primary  cell  cultures  were  prepared  from  postnatal  mouse  midbrain 
using  methods  described  by  Burke  et  al.  (Burke  et  al.,  1998).  Briefly, 
midbrains  containing  SN  and  ventral  tegmental  area  were  dissected 
from  2-day-old  postnatal  mouse  pups,  using  anatomical  landmarks 
as  described  (Burke  et  al.,  1998;  Mena  et  al.,  1997).  Neurons  from 
these  areas  were  dissociated  with  papain  and  plated  on  top  of 
preestablished  cortical  glia  cell  monolayers  at  a  density  of  80,000 
cells  per  well  in  growth  medium  which  had  been  preconditioned  by 
adding  to  glial  feeder  layers  24  hr  prior  to  plating  neurons.  Neurons 
from  3-  to  4-week  cultures  were  exposed  for  24  hr  to  MG132  or 
lactacystin  (Calbiochem)  and  toxicity  assessed  by  staining  for  tyro¬ 
sine  hydroxylase  (TH)  and  microtubule-associated  protein  2  (MAP2). 
Cells  were  fixed  and  permeabilized  with  4%  paraformaldehyde  in 
Dulbecco’s  phosphate-buffered  saline  (DPBS)  containing  0.1  %  (w/v) 
saponin.  After  quenching  (0.1  M  glycine  in  DPBS,  20  min)  and 


blocking  (5%  v/v  goat  serum  plus  5%  FBS  in  DPBS,  30  min),  primary 
antibodies  were  applied  overnight  at  4°C.  These  were  a  combination 
of  polyclonal  antibody  to  TH  (Chemicon,  1 :200)  and  monoclonal  anti- 
MAP2  (clone  AP-20,  Sigma)  both  at  a  dilution  of  1 :200.  Secondary 
antibodies  were  goat  anti-rabbit  conjugated  to  Alexafluor488  (Mo¬ 
lecular  Probes)  and  goat  anti-mouse  conjugated  to  AlexaFluor  568. 
For  estimations  of  cell  numbers,  six  random  microscope  fields  (using 
a  20x  objective)  were  counted  in  each  of  three  sister  cultures,  for 
a  total  of  18  fields  per  condition,  counting  all  neuronal  cells  within 
each  field.  Each  experiment  was  repeated  two  to  four  times  with 
different  batches  of  primary  cells.  For  staining  of  a-synuclein,  mono¬ 
clonal  anti-human  a-synuclein  LB509  (Zymed)  or  monoclonal  anti¬ 
rodent  a-synuclein  (clone  42,  listed  above)  were  used  in  the  above 
protocol  at  a  dilution  of  1 :200.  A  polyclonal  antibody  to  (3-synuclein 
(Chemicon)  was  used  at  1 :500  in  conjunction  with  monoclonal  anti¬ 
body  to  TH  (also  Chemicon,  1 :200). 

Viral  Transduction 

a-synuclein  or  parkin  cDNAs  were  cloned  into  pHSVPrpUC  and 
packaged  into  recombinant  viral  particles  using  5dl1 .2  helper  virus 
and  the  2-2  packaging  cell  line  as  described  (Neve  et  al.,  1997)  and 
purified  using  sucrose  gradients.  A  control  virus  expressing  LacZ 
(from  pHSVIacZ,  Coopersmith  and  Neve,  1999)  was  prepared  at  the 
same  time.  Recombinant  viruses  were  titred  on  human  neuro¬ 
blastoma  cell  lines.  Primary  cells  were  transduced  with  viral  particles 
at  a  multiplicity  of  infection  (MOI)  of  10.  In  a  small  series  of  experi¬ 
ments,  we  extracted  cultures  grown  in  6-well  plates  and  blotted  for 
a-synuclein  as  above. 

Statistical  Analyses 

Differences  in  the  responses  of  cell  lines  to  proteasome  inhibitors 
were  evaluated  using  two-way  analysis  of  variance  (ANOVA)  with 
cell  line  and  concentration  of  each  proteasome  inhibitor  as  variables. 
For  primary  cell  counts,  one-way  ANOVA  with  Student-Neuman- 
Kuells  post-hoc  test  was  used  to  assess  differences  between  treat¬ 
ments  with  proteasome  inhibitors  or  with  transduction  with  different 
viral  constructs.  For  each  of  these  experiments,  six  fields  were 
counted  in  each  of  three  independent  cultures,  hence  n  =  18.  In 
experiments  comparing  the  toxicity  associated  with  overexpression 
of  a-synuclein,  we  repeated  this  whole  set  of  experiments  three 
times. 

Acknowledgments 

The  authors  would  like  to  thank  Dr.  David  Sulzer,  Columbia  Univer¬ 
sity,  for  sharing  the  methods  for  culturing  postnatal  mouse  midbrain 
neurons.  We  would  also  like  to  acknowledge  the  generous  gifts 
of  reagents  for  HSV-1  packaging  from  Dr.  Rachael  Neve,  Harvard 
Medical  School,  Boston,  and  Neil  Bence  and  Dr.  Ron  Kopito  of 
Stanford  University  for  the  gift  of  the  GFPU  plasmid.  Dr.  Ted  Dawson, 
Johns  Hopkins  Medical  Institute,  kindly  provided  the  dominant-neg¬ 
ative  UbCH7  construct.  This  work  was  supported  by  NINDS  grants 
P01 -NS40256  and  RO1-NS41816-01 . 

Received:  January  16,  2002 
Revised:  November  21 ,  2002 

References 

Ancolio,  K.,  Alves  da  Costa,  C.,  Ueda,  K.,  and  Checler,  F.  (2000). 
Alpha-synuclein  and  the  Parkinson’s  disease-related  mutant  Ala53Thr- 
alpha-synuclein  do  not  undergo  proteasomal  degradation  in 
HEK293  and  neuronal  cells.  Neurosci.  Lett.  285,  79-82. 

Bence,  N.F.,  Sampat,  R.M.,  and  Kopito,  R.R.  (2001).  Impairment  of 
the  ubiquitin-proteasome  system  by  protein  aggregation.  Science 
292,  1552-1555. 

Bennett,  M.C.,  Bishop,  J.F.,  Leng,  Y.,  Chock,  P.B.,  Chase,  T.N.,  and 
Mouradian,  M.M.  (1999).  Degradation  of  alpha-synuclein  by  protea¬ 
some.  J.  Biol.  Chem.  274,  33855-33858. 

Braak,  H.,  and  Braak,  E.  (2000).  Pathoanatomy  of  Parkinson’s  dis¬ 
ease.  J.  Neurol.  Suppl.  247,  3-10. 

Burke,  R.E.,  Antonelli,  M.,  and  Sulzer,  D.  (1 998).  Glial  cell  line-derived 


Neuron 

1018 


neurotrophic  growth  factor  inhibits  apoptotic  death  of  postnatal 
substantia  nigra  dopamine  neurons  in  primary  culture.  J.  Neuro- 
chem.  71,  517-525. 

Chung,  K.K.,  Zhang,  Y.,  Lim,  K.L.,  Tanaka,  Y.,  Huang,  H.,  Gao,  J., 
Ross,  C.A.,  Dawson,  V.L.,  and  Dawson,  T.M.  (2001).  Parkin  ubiquiti- 
nates  the  a-synuclein-interacting  protein,  synphilin-1 :  implications 
for  Lewy-body  formation  in  Parkinson  disease.  Nat.  Med.  7,  1144- 
1150. 

Conway,  K.A.,  Lee,  S.J.,  Rochet,  J.C.,  Ding,  T.T.,  Williamson,  R.E., 
and  Lansbury,  P.T.  (2000).  Acceleration  of  oligomerization,  not  fibril- 
lization,  is  a  shared  property  of  both  alpha-synuclein  mutations 
linked  to  early-onset  Parkinson’s  disease:  implications  for  patho¬ 
genesis  and  therapy.  Proc.  Natl.  Acad.  Sci.  USA  97,  571-576. 
Conway,  K.A.,  Rochet,  J.-C.,  Bieganski,  R.M.,  and  Lansbury,  P.T. 
(2001).  Kinetic  stabilization  of  the  a-synuclein  protofibril  by  a  dopa- 
mine-a-synuclein  adduct.  Science  294,  1346-1349. 

Cookson,  M.R.,  Ince,  P.G.,  and  Shaw,  P.J.  (1998).  Peroxynitrite  and 
hydrogen  peroxide  induced  cell  death  in  the  NSC34  neuroblastoma 
x  spinal  cord  cell  line:  Role  of  poly(ADP-ribose)  polymerase.  J.  Neu- 
rochem.  70,  501-508. 

Coopersmith,  R.,  and  Neve,  R.L.  (1999).  Expression  of  multiple  pro¬ 
teins  within  single  primary  cortical  neurons  using  a  replication  defi¬ 
cient  HSV  vector.  Biotechniques  27,  1156-1160. 

Ellis,  R.J.  (2001).  Macromolecular  crowding:  an  important  but  ne¬ 
glected  aspect  of  the  intracellular  environment.  Curr.  Opin.  Struct. 
Biol.  11,  114-119. 

Farrer,  M.,  Destee,  T.,  Becquet,  E.,  Wavrant-De  Vrieze,  F.,  Mouroux, 
V.,  Richard,  F.,  Defebvre,  L.,  Lincoln,  S.,  Hardy,  J.,  Amouyel,  P.,  and 
Chartier-Harlin,  M.  (2000).  Linkage  exclusion  in  French  families  with 
probable  Parkinson’s  disease.  Mov.  Disord.  15,  1075-1083. 

Farrer,  M.,  Chan,  P.,  Chen,  R.,  Tan,  L.,  Lincoln,  S.,  Hernandez,  D., 
Forno,  L.,  Gwinn-Hardy,  K.,  Petrucelli,  L.,  Hussey,  J.,  et  al.  (2001). 
Lewy  bodies  and  parkinsonism  in  families  with  parkin  mutations. 
Ann.  Neurol.  50,  293-300. 

Feany,  M.B.,  and  Bender,  W.W.  (2000).  A  Drosophila  model  of  Parkin¬ 
son’s  disease.  Nature  404,  394-398. 

Ghee,  M.,  Fournier,  A.,  and  Mallet,  J.  (2000).  Rat  alpha-synuclein 
interacts  with  tat  binding  protein  1,  a  component  of  the  26S  protea- 
somal  complex.  J.  Neurochem.  75,  2221-2224. 

Gilon,  T.,  Chomsky,  O.,  and  Kulka,  R.G.  (1998).  Degradation  signals 
for  ubiquitin  system  proteolysis  in  Saccharomyces  cerevisiae. 
EMBO  J.  17,  2759-2766. 

Hashimoto,  M.,  Rockenstein,  E.,  Mante,  M.,  Mallory,  M.,  and  Masliah, 
E.  (2001).  beta-Synuclein  inhibits  alpha-synuclein  aggregation:  a 
possible  role  as  an  anti-parkinsonian  factor.  Neuron  32,  213-223. 
Hershko,  A.,  and  Ciechanover,  A.  (1 998).  The  ubiquitin  system.  Annu. 
Rev.  Biochem.  67,  425-479. 

Imai,  Y.,  Soda,  M.,  and  Takahashi,  R.  (2000).  Parkin  supresses  un¬ 
folded  protein  stress-induced  cell  death  through  its  E3  ubiquitin- 
protein  ligase  activity.  J.  Biol.  Chem.  275,  35661-35664. 

Imai,  Y.,  Soda,  M.,  Inoue,  H.,  Hattori,  N.,  Mizuno,  Y.,  and  Takahashi, 
R.  (2001).  An  unfolded  putative  transmembrane  polypeptide,  which 
can  lead  to  endoplasmic  reticulum  stress,  is  a  substrate  of  Parkin. 
Cell  105,  891-902. 

Junn,  E.,  and  Mouradian,  M.M.  (2002).  Human  a-synuclein  over¬ 
expression  increases  intracellular  reactive  oxygen  species  levels 
and  susceptibility  to  dopamine.  Neurosci.  Lett.  320,  146-150. 

Kirik,  D.,  Rosenblad,  C.,  Burger,  C.,  Lundberg,  C.,  Johansen,  T.E., 
Muzyczka,  N.,  Mandel,  R.J.,  and  Bjorklund,  A.  (2002).  Parkinson- 
like  neurodegeneration  induced  by  the  targeted  overexpression  of 
a-synuclein  in  the  nigrostriatal  system.  J.  Neurosci.  22,  2780-2791 . 
Kitada,  T.,  Asakawa,  S.,  Hattori,  N.,  Matsumine,  H.,  Yamamura,  Y., 
Minoshima,  S.,  Yokochi,  M.,  Mizuno,  Y.,  and  Shimizu,  N.  (1998). 
Mutations  in  the  parkin  gene  cause  autosomal  recessive  juvenile 
parkinsonism.  Nature  392,  605-608. 

Ko,  L.,  Mehta,  N.D.,  Farrer,  M.,  Easson,  C.,  Hussey,  J.,  Yen,  S., 
Hardy,  J.,  and  Yen,  S.H.  (2000).  Sensitization  of  neuronal  cells  to 
oxidative  stress  with  mutated  human  alpha-synuclein.  J.  Neuro¬ 
chem.  75,  2546-2554. 


Kruger,  R.,  Kuhn,  W.,  Muller,  T.,  Woitalla,  D.,  Graeber,  M.,  Kosel,  S., 
Przuntek,  H.,  Epplen,  J.T.,  Schols,  L.,  and  Riess,  O.  (1998).  Ala30Pro 
mutation  in  the  gene  encoding  alpha-synuclein  in  Parkinson’s  dis¬ 
ease.  Nat.  Genet.  18,  106-108. 

Lee,  H.J.,  Shin,  S.Y.,  Choi,  C.,  Lee,  Y.H.,  and  Lee,  S.J.  (2001a). 
Formation  and  removal  of  alpha-synuclein  aggregates  in  cells  ex¬ 
posed  to  mitochondrial  inhibitors.  J.  Biol.  Chem.  277,  5411-5417. 
Lee,  M.,  Hyun,  D.,  Halliwell,  B.,  and  Jenner,  P.  (2001b).  Effect  of 
the  overexpression  of  wild-type  or  mutant  alpha-synuclein  on  cell 
susceptibility  to  insult.  J.  Neurochem.  76,  998-1009. 

Leroy,  E.,  Boyer,  R.,  Auburger,  G.,  Leube,  B.,  Ulm,  G.,  Mezey,  E., 
Harta,  G.,  Brownstein,  M.J.,  Jonnalagada,  S.,  Chernova,  T.,  et  al. 
(1998).  The  ubiquitin  pathway  in  Parkinson’s  disease.  Nature  395, 
451-452. 

Maraganore,  D.M.,  Farrer,  M.J.,  Hardy,  J.A.,  Lincoln,  S.J.,  McDon¬ 
nell,  S.K.,  and  Rocca,  W.A.  (1999).  Case-control  study  of  the  ubiqui¬ 
tin  carboxy-terminal  hydrolase  LI  gene  in  Parkinson’s  disease.  Neu¬ 
rology  53,  1858-1860. 

Masliah,  E.,  Rockenstein,  E.,  Veinbergs,  I.,  Mallory,  M.,  Hashimoto, 
M.,  Takeda,  A.,  Sagara,  Y.,  Sisk,  A.,  and  Mucke,  L.  (2000).  Dopamin¬ 
ergic  loss  and  inclusion  body  formation  in  a-synuclein  mice:  implica¬ 
tions  for  neurodegenerative  disorders.  Science  287,  1 265-1 269. 
Matsuoka,  Y.,  Vila,  M.,  Lincoln,  S.,  McCormack,  A.,  Picciano,  M., 
LaFrancois,  J.,  Yu,  X.,  Dickson,  D.,  Langston,  W.J.,  McGowan,  E., 
et  al.  (2001).  Lack  of  nigral  pathology  in  transgenic  mice  expressing 
human  alpha-synuclein  driven  by  the  tyrosine  hydroxylase  pro¬ 
moter.  Neurobiol.  Dis.  8,  535-539. 

McNaught,  K.S.,  and  Jenner,  P.  (2001).  Proteasomal  function  is  im¬ 
paired  in  substantia  nigra  in  Parkinson’s  disease.  Neurosci.  Lett. 
297,  191-194. 

McNaught,  K.S.,  Bjorklund,  L.M.,  Belizaire,  R.,  Isacson,  O.,  Jenner, 
P.,  and  Olanow,  C.W.  (2002).  Proteasome  inhibition  causes  nigral 
degeneration  with  inclusion  bodies  in  rats.  Neuroreport  13,  1437- 
1441. 

Mena,  M.A.,  Khan,  U.,  Togasaki,  D.M.,  Sulzer,  D.,  Epstein,  C.J.,  and 
Przedborski,  S.  (1 997).  Effects  of  wild-type  and  mutated  copper/zinc 
superoxide  dismutase  on  neuronal  survival  and  L-DOPA-induced 
toxicity  in  postnatal  midbrain  culture.  J.  Neurochem.  69,  21-33. 
Murphy,  D.D.,  Rueter,  S.M.,  Trojanowski,  J.Q.,  and  Lee,  V.M.  (2000). 
Synucleins  are  developmental^  expressed,  and  alpha-synuclein 
regulates  the  size  of  the  presynaptic  vesicular  pool  in  primary  hippo¬ 
campal  neurons.  J.  Neurosci.  20,  3214-3220. 

Neve,  R.L.,  Howe,  J.R.,  Hong,  S.,  and  Kalb,  R.G.  (1997).  Introduction 
of  the  glutamate  receptor  subunit  1  into  motor  neurons  in  vitro  and 
in  vivo  using  a  recombinant  herpes  simplex  virus.  Neuroscience  79, 
435-447. 

Ostrerova-Golts,  N.,  Petrucelli,  L.,  Hardy,  J.,  Lee,  J.M.,  Farrer,  M., 
and  Wolozin,  B.  (2000).  The  A53T  a-synuclein  mutation  increases 
iron-dependent  aggregation  and  toxicity.  J.  Neurosci.  20,  6048- 
6054. 

Pakkenberg,  B.,  Moller,  A.,  Gundersen,  H.J.,  Mouritzen  Dam,  A., 
and  Pakkenberg,  H.  (1991).  The  absolute  number  of  nerve  cells  in 
substantia  nigra  in  normal  subjects  and  in  patients  with  Parkinson’s 
disease  estimated  with  an  unbiased  stereological  method.  J.  Neurol. 
Neurosurg.  Psychiatry  54,  30-33. 

Paxinou,  E.,  Chen,  Q.,  Weisse,  M.,  Giasson,  B.I.,  Norris,  E.H.,  Rueter, 
S.M.,  Trojanowski,  J.Q.,  Lee,  V.M.,  and  Ischiropoulos,  H.  (2001). 
Induction  of  alpha-synuclein  aggregation  by  intracellular  nitrative 
insult.  J.  Neurosci.  21,  8053-8061. 

Polymeropoulos,  M.H.,  Lavedan,  C.,  Leroy,  E.,  Ide,  S.E.,  Dehejia,  A., 
Dutra,  A.,  Pike,  B.,  Root,  H.,  Rubenstein,  J.,  Boyer,  R.,  et  al.  (1997). 
Mutation  in  the  a-synuclein  gene  identified  in  families  with  Parkin¬ 
son’s  disease.  Science  276,  2045-2047. 

Rathke-Hartlieb,  S.,  Kahle,  P.J.,  Neumann,  M.,  Ozmen,  L.,  Haid,  S., 
Okochi,  M.,  Haass,  C.,  and  Schulz,  J.B.  (2001).  Sensitivity  to  MPTP 
is  not  increased  in  Parkinson’s  disease-associated  mutant  alpha- 
synuclein  transgenic  mice.  J.  Neurochem.  77,  1181-1184. 

Shimura,  H.,  Hattori,  N.,  Kubo,  S.,  Mizuno,  Y.,  Asakawa,  S.,  Mino¬ 
shima,  S.,  Shimuzu,  N.,  Iwai,  K.,  Chiba,  T.,  Tanaka,  K.,  and  Suzuki, 


Proteasome  Failure  and  Parkinson’s  Disease 
1019 


T.  (2000).  Familial  parkinson  disease  gene  product,  parkin,  is  a  ubi- 
quitin-protein  ligase.  Nat.  Genet.  25,  302-305. 

Shimura,  H.,  Schlossmacher,  M.G.,  Hattori,  N.,  Frosch,  M.P.,  Trock- 
enbacher,  A.,  Schneider,  R.,  Mizuno,  Y.,  Kosik,  K.S.,  and  Selkoe, 
D.J.  (2001).  Ubiquitination  of  a  new  form  of  a-synuclein  by  parkin 
from  human  brain:  implications  for  Parkinson’s  disease.  Science 
293,  263-269. 

Shtilerman,  M.D.,  Ding,  T.T.,  and  Lansbury,  P.T.  (2002).  Molecular 
crowding  accelerates  fibrillization  of  alpha-synuclein:  could  an  in¬ 
crease  in  the  cytoplasmic  protein  concentration  induce  Parkinson’s 
disease?  Biochemistry  41,  3855-3860. 

Stefanis,  L.,  Larsen,  K.E.,  Rideout,  H.J.,  Sulzer,  D.,  and  Greene,  L.A. 
(2001).  Expression  of  A53T  mutant  but  not  wild-type  a-synuclein  in 
PCI  2  cells  induces  alterations  of  the  ubiquitin-dependent  degrada¬ 
tion  system,  loss  of  dopamine  release,  and  autophagic  cell  death. 
J.  Neurosci.  21,  9549-9560. 

Tanaka,  Y.,  Engelender,  S.,  Igarashi,  S.,  Rao,  R.K.,  Wanner,  T.,  Tanzi, 
R.E.,  Sawa,  A.L.,  Dawson,  V.,  Dawson,  T.M.,  and  Ross,  C.A.  (2001). 
Inducible  expression  of  mutant  alpha-synuclein  decreases  protea¬ 
some  activity  and  increases  sensitivity  to  mitochondria-dependent 
apoptosis.  Hum.  Mol.  Genet.  10,  919-926. 

Tofaris,  G.K.,  Layfield,  R.,  and  Spillantini,  M.G.  (2001).  a-Synuclein 
metabolism  and  aggregation  is  linked  to  ubiquitin-independent  deg¬ 
radation  by  the  proteasome.  FEBS  Lett.  509,  22-26. 

Uversky,  V.N.,  Cooper,  E.M.,  Bower,  K.S.,  Li,  J.,  and  Fink,  A.L.  (2002). 
Accelerated  a-synuclein  fibrillation  in  crowded  milieu.  FEBS  Lett. 
515,  99-103. 

VanDerPutten,  H.,  Widerhold,  K.-H.,  Probst,  A.,  Barbieri,  S.,  Misti, 

C. ,  Danner,  S.,  Kauffmann,  S.,  Hofele,  K.,  Spooren,  W.P.,  Ruegg, 
M.A.,  et  al.  (2000).  Neuropathology  in  mice  expressing  human 
a-synuclein.  J.  Neurosci.  20,  6021-6029. 

Wintermeyer,  P.,  Kruger,  R.,  Kuhn,  W.,  Muller,  T.,  Woitalla,  D.,  Berg, 

D. ,  Becker,  G.,  Leroy,  E.,  Polymeropoulos,  M.,  Berger,  K.,  et  al. 
(2000).  Mutation  analysis  and  association  studies  of  the  UCHL1  gene 
in  German  Parkinson’s  disease  patients.  Neuroreport  11, 2079-2082. 
Xu,  J.,  Kao,  S.-Y.,  Lee,  F.J.S.,  Song,  W.,  Jin,  L.-W.,  and  Yankner, 
B.A.  (2002).  Dopamine-dependent  neurotoxicity  of  a-synuclein:  a 
mechanism  for  selective  neurodegeneration  in  Parkinson  disease. 
Nat.  Med.  8,  600-606. 

Zhang,  Y.,  Gao,  J.,  Chung,  K.K.,  Huang,  H.,  Dawson,  V.L.,  and  Daw¬ 
son,  T.M.  (2000).  Parkin  functions  as  an  E2-dependent  ubiquitin- 
protein  ligase  and  promotes  the  degradation  of  the  synaptic  vesicle- 
associated  protein,  CDCrel-1 .  Proc.  Natl.  Acad.  Sci.  USA  97, 13354- 
13359. 

Zhou,  W.,  Hurlbert,  M.S.,  Schaack,  J.,  Prasad,  K.N.,  and  Freed,  C.R. 
(2000).  Overexpression  of  human  alpha-synuclein  causes  dopamine 
neuron  death  in  rat  primary  culture  and  immortalized  mesencepha¬ 
lon-derived  cells.  Brain  Res.  866,  33-43. 


Neurobiology 
of  Disease 


ELSEVIER 


www.elsevier.com/locate/ynbdi 
Neurobiology  of  Disease  18  (2005)  492-498 


Mitochondrial  associated  metabolic  proteins  are  selectively  oxidized 
in  A3  OP  a-synuclein  transgenic  mice — a  model  of  familial 
Parkinson’s  disease 

H.  Fai  Poon,a  Mark  Frasier, b  Nathan  Shreve,a  Vittorio  Calabrese,0 
Benjamin  Wolozin,b’* 1  and  D.  Allan  Butterfielda,d,e’* 

a Department  of  Chemistry,  University  of  Kentucky,  Lexington,  KY  40506-0055,  USA 
hDepartment  of  Pharmacology,  Loyola  University  Medical  Center,  Maywood,  IL  60153,  USA 
c Department  of  Chemistry,  Section  of  Biochemistry,  University  of  Catania,  Catania,  Italy 
d Center  of  Membrane  Sciences,  University  of  Kentucky,  Lexington,  KY  40506-0059,  USA 
e Sanders-Brown  Center  on  Aging,  University  of  Kentucky,  Lexington,  KY  40536,  USA 


Received  28  July  2004;  revised  16  December  2004;  accepted  22  December  2004 
Available  online  26  January  2005 

Parkinson’s  disease  (PD)  is  the  most  common  neurodegenerative 
movement  disorder  and  is  characterized  by  the  loss  of  dopaminergic 
neurons  in  the  substantia  nigra  compacta.  a-Synuclein  is  strongly 
implicated  in  the  pathophysiology  of  PD  because  aggregated  a-synuclein 
accumulates  in  the  brains  of  subjects  with  PD,  mutations  in  a-synuclein 
cause  familial  PD,  and  overexpressing  mutant  human  a-synuclein 
(A30P  or  A53T)  causes  degenerative  disease  in  mice  or  drosophila.  The 
pathophysiology  of  PD  is  poorly  understood,  but  increasing  evidence 
implicates  mitochondrial  dysfunction  and  oxidative  stress.  To  under¬ 
stand  how  mutations  in  a-synuclein  contribute  to  the  pathophysiology  of 
PD,  we  undertook  a  proteomic  analysis  of  transgenic  mice  overexpress¬ 
ing  A30P  a-synuclein  to  investigate  which  proteins  are  oxidized.  We 
observed  more  than  twofold  selective  increases  in  specific  carbonyl  levels 
of  three  metabolic  proteins  in  brains  of  symptomatic  A30P  a-synuclein 
mice:  carbonic  anhydrase  2  (Car2),  alpha-enolase  (Enol),  and  lactate 
dehydrogenase  2  (Ldh2).  Analysis  of  the  activities  of  these  proteins 
demonstrates  decreased  functions  of  these  oxidatively  modified  proteins 
in  brains  from  the  A30P  compared  to  control  mice.  Our  findings  suggest 
that  proteins  associated  with  impaired  energy  metabolism  and  mito¬ 
chondria  are  particularly  prone  to  oxidative  stress  associated  with  A30P- 
mutant  a-synuclein. 

©  2005  Elsevier  Inc.  All  rights  reserved. 
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Introduction 

Parkinson’s  disease  (PD)  is  the  second  most  common  neuro¬ 
degenerative  disorder:  approximately  1%  of  the  population  by  age 
65  is  affected  with  PD  (Eriksen  et  ah,  2003).  Loss  of  dopaminergic 
neurons  in  the  substantia  nigra  compacta  results  in  clinical 
symptoms  of  PD,  such  as  bradykinesia,  resting  tremor,  cogwheel 
rigidity,  and  postural  instability.  Although  the  majority  of  PD  is 
sporadic,  approximately  10%  of  PD  are  familial  cases  (Giasson  and 
Lee,  2003).  Mutations  in  a-synuclein,  parkin,  DJ-1,  and  PINK1  are 
all  linked  to  early  onset  familial  PD  (Dawson  and  Dawson,  2003). 
In  the  case  of  a-synuclein,  4  different  mutations  have  been 
identified  in  kindreds  associated  with  familial  PD:  A53T,  A3  OP, 
E46A,  and  genomic  duplication  (Kruger  et  al.,  1998;  Polymer- 
opoulos  et  al.,  1997). 

Oxidative  damage  is  a  prominent  pathological  change  in  PD 
brains  (Alam  et  al.,  1997;  Floor  and  Wetzel,  1998;  Yoritaka  et  al., 
1996).  Toxicity  associated  with  oxidative  stress  is  exacerbated  by 
overexpression  of  wild  type  or  mutant  a-synuclein  (Ostrerova- 
Golts  et  al.,  2000).  Increasing  evidence  suggests  that  oxidative 
stress  in  PD  might  also  be  linked  to  mitochondrial  dysfunction, 
excitotoxicity,  and  the  toxic  effects  of  nitric  oxide,  all  of  which  are 
believed  to  be  associated  with  cell  death  in  PD  brains  (Jenner, 
2003).  Although  the  relationships  of  oxidative  stress  to  PD  are  still 
unknown,  basal  protein  oxidation  is  high  in  the  substantia  nigra  of 
PD  patients,  and  the  levels  of  reactive  carbonyls  are  increased  in 
PD  brains  (Alam  et  al.,  1997;  Floor  and  Wetzel,  1998).  Together, 
these  data  suggest  that  oxidative  stress  contributes  significantly  to 
the  pathophysiology  of  PD. 

Wild-type  a-synucleins  can  bind  to  lipid  membranes,  inhibit 
enzymes  such  as  phospholipase  D2,  protein  kinase  C  and  the 
dopamine  transporter  (reviewed  in  Goedert,  2001).  However,  a- 
synuclein  has  a  strong  tendency  to  aggregate,  and  most  studies 
suggest  that  the  accumulation  of  aggregated  a-synuclein  is  toxic. 


H.  Fai  Poon  et  al.  /  Neurobiology  of  Disease  18  (2005)  492-498 


493 


Expression  of  mutant  a-synuclein  cells  produces  increased  levels 
of  8 -hydroxy guanine,  protein  carbonyls,  lipid  peroxidation,  and  3- 
nitrotyrosine,  and  markedly  accelerated  cell  death  in  response  to 
oxidative  insult  (Lee  et  ah,  2001).  These  studies  suggest  that 
accelerated  aggregation  of  mutant  a-synucleins  stimulates  oxida¬ 
tive  stress  by  loss  of  protective  effect  of  the  soluble  a-synuclein  (Li 
et  al.,  2001,  2002).  In  order  to  gain  insight  into  the  mechanism(s) 
by  which  loss  of  antioxidant  ability  caused  by  overexpression  of 
A3  OP  mutant  a-synuclein  leads  to  cell  death,  we  used  proteomics 
to  identify  the  brain  proteins  that  are  significantly  oxidatively 
modified  in  symptomatic  mice  with  overexpression  of  a  A3  OP 
mutation  in  a-synuclein  compared  to  the  brain  proteins  from  the 
non-transgenic  mice. 

Methods 

Animals 

The  animals  used  in  this  study  were  previously  described. 
(Kahle  et  al.,  2000;  Neumann  et  al.,  2002).  The  mice  develop 
symptoms  between  6  and  14  months.  The  symptoms  begin  with  a 
tremor  and  progress  to  an  end-stage  phenotype  characterized  by 
muscular  rigidity,  postural  instability  and  ultimately  paralysis. 
Mice  that  progressed  to  end  stage  symptoms  were  sacrificed  by 
cervical  dislocation  and  their  brains  hemi-sectioned.  Non-trans¬ 
genic  control  mice  were  C57B1/6  mice,  and  were  also  sacrificed  at 
the  same  time  as  the  symptomatic  transgenic  mice. 


Sample  preparation 

Brain  tissue  extraction  was  performed  as  previously  described 
by  Sahara  et  al.  (2002)  with  minor  modifications.  Left  hemi- 
brains  were  weighed  and  homogenized  in  3  volumes  of  TBS 
(TBS,  pH  7.4,  1  mM  EDTA,  5  mM  sodium  pyrophosphate,  30 
mM  glycerol  2-phosphate,  30  mM  sodium  fluoride,  1  mM 
EDTA)  containing  a  protease  inhibitor  cocktail  (Sigma- Aldrich, 
St.  Louis,  MO).  Protein  content  was  determined  via  the  BCA 
method. 

Two-dimensional  gel  electrophoresis 

Samples  of  the  proteins  in  the  whole  brains  were  prepared  as 
previously  described  (Poon  et  al.,  2004).  Briefly,  200  pg  of  protein 
was  applied  to  a  pH  3-10  ReadyStrip™  IPG  strip  (Bio-Rad, 
Hercules,  CA)  for  isoelectric  focusing.  The  focused  IEF  strip  was 
stored  at  —  80°C  until  second  dimension  electrophoresis  was 
performed. 

For  second  dimension  electrophoresis,  Linear  Gradient  (8- 
16%)  Precast  criterion  Tris-HCl  gels  (Bio-Rad)  were  used  to 
separate  proteins  according  to  their  molecular  weight  (MrW). 
Precision  Protein™  Standards  (Bio-Rad)  were  run  along  with  the 
samples. 

After  electrophoresis,  the  gel  was  incubated  in  fixing  solution 
for  20  min.  Sypro  Ruby  stain  was  used  to  stain  the  gel  for  2  h. 
The  gels  were  placed  in  deionized  water  overnight  for 
destaining. 


Fig.  1.  Representative  2D  gel  electrophoresis  pattern  of  proteins  from  mouse  brain  stem  of  control  (top  panel)  and  symptomatic  A3  OP  a-synuclein  transgenic 
mice  (bottom  panel).  The  proteins  after  2D  electrophoresis  from  the  brains  of  non-transgenic  (control,  left,  top  panel)  mice  and  symptomatic  A30P  a-synuclein 
transgenic  mice  (left,  bottom  panel)  described  in  this  study  are  indicated.  Panels  on  right  show  expanded  of  regions  of  the  2D  gel  from  the  mouse  brain  stems 
(outlined  in  the  box).  The  right,  top  panel  shows  the  expanded  region  of  non-transgenic  control  brain  stem,  and  the  right  bottom  panel  shows  the  expanded 
region  of  symptomatic  A3  OP  a-synuclein  transgenic  mouse  brain  stem. 
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Fig.  2.  Representative  Western  blots  showing  carbonyl-modified  proteins  from  the  brains  of  A30P  a-synuclein  transgenic  mice  and  non-transgenic  mice.  Left- 
hand  blots  show  carbonyl  Western  blots  of  brain  lysates  from  A30P  a-synuclein  transgenic  mice  (bottom)  and  non-transgenic  control  mice  (top).  Arrows  point 
to  proteins  showing  significant  changes  in  oxidative  modification  in  the  A3  OP  mice  brains.  Right-hand  blots  show  expansions  of  the  blot  outlined  in  the  box. 
Carbonyl  Western  blot  from  the  brain  of  non-transgenic  mice  is  shown  in  the  upper  panel  and  A30P  a-synuclein  transgenic  mice  in  the  lower  panel. 


Western  blotting 

Western  blotting  for  2D  gels  was  performed  as  previously 
described  (Poon  et  al.,  2004).  200  pg  of  the  brain  protein  was 
incubated  with  2,4-dinitrophenyl  hydrazine  (DNPH)  at  room 
temperature  (25 °C)  for  20  min.  The  gels  were  prepared  in  the 
same  manner  as  for  2D-electrophoresis.  The  proteins  from  the 
second  dimension  electrophoresis  gels  were  transferred  onto 
nitrocellulose  paper  (Bio-Rad)  using  a  Transblot-Blot®  SD  semi- 
Dry  Transfer  Cell  (Bio-Rad)  at  15  V  for  2  h.  The  2,4- 
dinitrophenylhydrazone  (DNP)  adducts  of  the  carbonyls  of  the 
brain  proteins  were  detected  immunochemically. 

Image  analysis 

The  gels  and  nitrocellulose  blots  were  scanned  and  saved  in  TIF 
format  using  a  Storm  860  Scanner  (Molecular  Dynamics)  and 
Scanjet  3300C  (Hewlett  Packard),  respectively.  PDQuest  (Bio- 
Rad)  was  used  for  matching  and  analysis  of  visualized  protein 
spots  among  differential  gels  and  oxyblots. 

Statistics 

The  data  of  specific  carbonyl  level  (intensity  of  carbonyl  level 
divided  by  the  intensity  of  protein  level  of  an  individual  spot)  of  6 
animals  per  groups  (6  in  control  group  and  6  in  A3  OP  group)  were 
analyzed  by  Student’s  t  test.  A  value  of  P  <  0.05  was  considered 
statistically  significant.  Only  the  proteins  that  are  considered 
significantly  different  by  Student’s  t  test  were  selected  for 
identification. 


Trypsin  digestion 

Samples  were  digested  using  the  techniques  previously 
described  (Poon  et  al.,  2004).  Briefly,  the  selected  protein  spots 
were  excised.  The  gel  pieces  were  digested  with  20  ng/pL  modified 
trypsin  (Promega,  WI)  in  25  mM  NH4HC03  with  the  minimal 
volume  to  cover  the  gel  pieces.  The  gel  pieces  were  chopped  into 
smaller  pieces  and  incubated  at  37°C  overnight  in  a  shaking 
incubator. 

Mass  spectrometry 

Digests  (1  pL)  were  mixed  with  1  pL  a-cyano-4-hydroxy- 
trans -cinnamic  acid  (10  mg/mL  in  0.1%  TFA:ACN,  1:1,  v/v). 
The  mixture  (1  pL)  was  deposited  onto  a  fast  evaporation 


Table  1 

Specific  carbonyl  level  of  oxidized  proteins  in  A3  OP  a-synuclein  mice 


Proteomics 

Wild-type  mice 

A3  OP  a-synuclin 

P  value 

identified 

(A.U.  ±  SEM) 

transgenic  mice 

protein 

(n  =  6) 

{n  =  6) 

Carbonic 

0.92  ±  0.19 

2.22  ±  0.59 

<0.05 

anhydrase  2 
(Car2) 

Alpha-enolase 

0.51  ±  0.09 

0.93  ±  0.17 

<0.05 

(Enol) 

Lactate 

0.29  ±  0.18 

1.73  ±  0.63 

<0.05 

dehydrogenase 

2  (Ldh2) 
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nitrocellulose  matrix  surface,  washed  twice  with  2  pL  5%  formic 
acid,  and  analyzed  with  a  TofSpec  2E  (Micromass,  UK)  MALDI- 
TOF  mass  spectrometer  in  reflectron  mode.  The  mass  axis  was 
adjusted  with  trypsin  autohydrolysis  peaks  ( m/z  2239.14, 
2211.10,  or  842.51)  as  lock  masses.  The  MALDI  spectra  used 
for  protein  identification  from  tryptic  fragments  were  searched 
against  the  NCBI  protein  databases  using  the  MASCOT  search 
engine  (http://www.matrixscience.com).  Peptide  mass  fingerprint¬ 
ing  used  the  assumption  that  peptides  are  monoisotopic,  oxidized 
at  methionine  residues  and  carbamidomethylated  at  cysteine 
residues  (Butterfield  et  al.,  2003;  Castegna  et  al.,  2002,  2003, 
2004).  Up  to  1  missed  trypsin  cleavage  was  allowed.  Mass 
tolerance  of  150  ppm  was  the  window  of  error  allowed  for 
matching  the  peptide  mass  values. 

Enzyme  activity  assay 

Lactate  dehydrogenase  (LDH)  enzymatic  activity  was  deter¬ 
mined  by  the  method  previously  described  (Stambaugh  and  Post, 
1966;  Zewe  and  Fromm,  1965).  Briefly,  the  assay  for  the  enzyme 
activity  of  LDH  was  performed  in  100  pL  Tris  buffer  (0.2  M 
Tris-HCl,  30  mM  sodium  pyruvate,  6.6  mM  NADH,  pH  7.3). 
The  reaction  was  initiated  by  adding  5  pL  of  the  samples  (2  mg/ 
mL).  LDH  activity  was  measured  as  the  reduction  of  NADH  to 
NAD+.  A  decrease  in  absorbance  at  340  nm  was  recorded  as 
change  in  A34 0  min-1  by  using  a  PowerWaveX®  microtiter 
plated  UV-VIS  spectrophotometer  (Bio-Tek  Instruments, 
Winooki,  VT). 

Enolase  activity  assay  was  performed  as  described  previously 
(Wagner  et  al.,  2000)  with  modification.  Enolase  was  added  to 
100  pL  of  assay  mixture  (20  mM  Na2HP04,  pH  7.4,  400  mM 
KC1,  0.01  mM  EDTA,  2  mM  2-phospho-D-glycerate)  in  a  UV- 
transparent  microtiter  plate  (Corning,  MA).  The  enzymatic 
activity  was  determined  by  the  change  of  absorption  at  A24q  for 
5  min. 

Carbonic  anhydrase  activity  is  measured  according  to  Anderson 
(Andersson  et  al.,  1972)  with  modification.  Briefly,  a  C02 
saturated  Tris  buffer  (pH  8.3,  0.2  M  Tris-HCl,  phenol  red) 
decreased  absorbance  at  560  nm,  is  recorded  upon  addition  of  5  pL 
of  the  2  mg/mL  samples.  The  maximum  changes  of  absorbance  are 
recorded. 


Results 

We  used  a  parallel  approach  to  investigate  the  effect  of  an  A3  OP 
a-synuclein  mutation  on  specific  protein  oxidation.  Fig.  1  shows 
representative  2D-electrophoresis  gels  of  brains  homogenates  from 
symptomatic  A3  OP  a-synuclein  transgenic  mice  (A3  OP)  and  non- 
transgenic  mice  after  Sypro  Ruby  staining.  Fig.  2  shows 
representative  2D  Western  blots  of  the  brains  of  symptomatic 


Enzyme  Activity 


Fig.  3.  Enzyme  activities  of  Car2,  Enol,  and  Ldh2  in  brain  from  A30P  mice 
and  non-transgenic  control  mice.  All  of  the  oxidatively  modified  proteins  in 
A3 OP-transgenic  mice  brains  show  significant  decreased  activity  as 
compared  to  that  of  the  non-transgenic  mice  brains  ( n  =  5-6),* P  <  0.05. 

non-transgenic  mouse  and  symptomatic  A30P-a-synuclein  trans¬ 
genic  mice.  The  specific  carbonyl  levels  indicate  the  carbonyl  level 
per  unit  mass  of  protein  (Table  1). 

In  comparison  to  wild-type  mice,  three  proteins  in  the  brains  of 
A3  OP  a-synuclein  transgenic  mice  were  found  to  have  significantly 
higher  specific  carbonyl  levels.  Only  the  specific  carbonyl  level  of 
proteins  that  are  different  statistically  were  identified  and  reported 
here.  These  proteins  were  identified  as  carbonic  anhydrase  2 
(Car2),  alpha-enolase  (Enol),  and  lactate  dehydrogenase  2  (Ldh2). 
Prior  results  suggest  that  the  accuracy  of  protein  identification  by 
mass  spectrometry  is  equivalent  to  immunochemical  identification 
(Castegna  et  al.,  2002).  The  specific  carbonyl  levels  of  these 
proteins  are  summarized  in  Table  1.  The  summary  of  the  mass 
spectrometry  results  for  the  proteins  is  listed  in  Table  2. 

Oxidative  modification  of  brain  proteins  leads  to  loss  of  their 
activity  (Butterfield,  2004;  Butterfield  et  al.,  1997;  Hensley  et  al., 
1995;  Lauderback  et  al.,  2001;  Sultana  and  Butterfield,  2004).  To 
determine  if  these  proteomic  identified  oxidatively  modified  brains 
proteins  in  the  A3  OP  a-synuclein  mouse  were  dysfunctional,  their 
enzymatic  activities  were  analyzed.  The  activities  of  these  enzymes 
in  the  A3  OP  a-synuclein  transgenic  mice  brains  were  significantly 
decreased  when  compared  to  the  brain  proteins  from  non- 
transgenic  control  (Fig.  3). 

Discussion 

A3  OP  mutation  accelerates  synuclein  aggregation  (Conway  et 
al.,  1998;  Li  et  al.,  2001,  2002;  Narhi  et  al.,  1999)  and  aggregation 
increases  vulnerability  to  oxidative  insult  (Lee  et  al.,  2001). 
Moreover,  the  aggregation  of  a-synuclein  occurs  in  parallel  with 
symptoms  in  A3  OP  a-synuclein  transgenic  mice  (Neumann  et  al., 
2002).  Transgenic  mice  overexpressing  a-synuclein  develop  an 
age-dependent  accumulation  of  a-synuclein  in  neurons  of  the  brain 


Table  2 

Summary  of  proteins  identified  by  mass  spectrometry 


Identified 

protein 

gi  Accession  # 

#  Peptides 
matched 

%  Coverage  of 
matched  peptides 

pi,  MrW  (kDa) 

Mowse 

score 

Probability  of  a  random 
identification  hit 

Carbonic 

gi  33243954 

9 

30 

6.52,  29.1 

75 

3.16  x  1(T80 

anhydrase  2  (Car2) 
Alpha-enolase  (Enol) 

gi  13637776 

23 

61 

6.37,  47.4 

208 

1.58  x  10“21 

Lactate  dehydrogenase  2  (Ldh2) 

gi  6678674 

11 

36 

5.7,  36.8 

103 

5.0  x  10“u 
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stem  (Giasson  et  al.,  2002;  Kahle  et  al.,  2001),  suggesting  the  a- 
synuclein  aggregation-associated  oxidative  stress  is  involved  in  the 
pathology  in  the  A3  OP  a-synuclein  transgenic  mice. 

Car2  is  a  Zn2+  metallo-enzyme  that  catalyzes  reversible 
hydration  of  carbon  dioxide  (C02)  to  bicarbonate  (HCCff)-  Glia 
use  this  process  to  govern  the  pH  shift  associated  with  normal 
neuroactivity  (Chesler  and  Kaila,  1992;  Deitmer  and  Rose,  1996; 
Tong  and  Chesler,  1999).  Moreover,  Car2  shares  high  (68%) 
similarity  in  amino  acid  level  to  the  mitochondrial  counterpart 
carbonic  anhydrase  5a  (Car5a)  and  5b  (Car5b).  One  can  speculate 
that  they  may  couple  or  interact  with  each  other  to  function  in 
metabolic  process,  cellular  transport,  gluconeogenesis,  and 
mitochondrial  metabolism  (Heck  et  al.,  1994;  Shah  et  al., 
2000).  Our  study  shows  that  Car2  is  significantly  oxidized  in 
A3  OP  a-synuclein  mice  and  its  activity  is  significantly  decreased, 
suggesting  its  inactivation  may  lead  to  loss  of  the  buffering 
system  in  brains  with  resulting  in  aggregation  of  synuclein  and 
neurodegeneration. 

Ldh2  is  a  subunit  of  lactate  dehydrogenase  (LDH).  LDH  is  a 
glycolytic  protein  that  catalyzes  the  reversible  NAD-dependent 
interconversion  of  pyruvate  to  lactate.  LDH  isoform  5  (LDH-5)  in 
astrocytes  favors  the  formation  of  lactate  (Bittar  et  al.,  1996).  Also, 
LDH-5  is  more  abundant  in  mitochondria  than  elsewhere  in  cells 
(Brooks  et  al.,  1999),  indicating  that  lactate  is  the  predominant 
monocarboxylate  oxidized  by  mitochondria  for  intracellular  lactate 
transport  (Kasischke  et  al.,  2004).  Here,  we  show  that  Ldh2  is 
significantly  modified  and  inactivated  by  oxidative  insults  in  A3  OP 
a-synuclein  transgenic  mice  brains,  suggesting  oxidative  inactiva¬ 
tion  of  LDH  may  contribute  to  mitochondrial  dysfunction  in  PD 
patients. 

Enol  is  a  subunit  of  enolase  that  interconverts  2-phosphogly- 
cerate  and  phosphoenolpyruvate  during  glycolysis.  The  loss  of  the 
mitochondrial  constituent-enriched  cells  is  proportional  to  the  total 
loss  of  immunoreactivity  to  neuronal  specific  enolase  (NSE). 
Moreover,  enolase  and  other  glycolytic  enzymes  were  identified  in 
an  intermembrane  space/outer  mitochondrial  membrane  fraction 
(Giege  et  al.,  2003).  These  studies  suggest  enolase  is  present  in 
mitochondria  and  contribute  to  mitochondria  function.  We  show 
here  that  the  specific  carbonyl  level  of  Enol  is  significantly 
increased  and  its  activity  is  decreased  in  brains  from  A3  OP  a- 
synuclein  transgenic  mice  compared  to  that  of  non-transgenic 
mice,  suggesting  this  oxidative  inactivation  may  alter  normal 
glycolysis  and  mitochondrial  function  in  brains  and  contribute  to 
the  alteration  of  energy  metabolism  in  PD. 

The  striking  feature  of  Ldh2,  Enol  (possibly  Car2)  is  that  they 
are  all  associated  with  mitochondrial  function.  Increasing  data 
implicate  mitochondrial  decrements  and  oxidation  in  PD  (Schapira, 
2001;  Schapira  et  al.,  1998;  Sherer  et  al.,  2002).  Also,  l-methyl-4- 
phenyl-l,2,3,6-tetrahydropyridine  (MPTP)  and  rotenone  target  the 
mitochondria  with  increased  oxidative  modification  of  proteins  and 
a-synuclein  aggregation  (Ferrante  et  al.,  1999;  Pennathur  et  al., 
1999;  Sherer  et  al.,  2003a, b).  Moreover,  DJ-1,  PINK1,  and  parkin 
all  appear  to  modulate  mitochondrial  function  (Canet- Aviles  et  al., 
2004;  Palacino  et  al.,  2004;  Valente  et  al.,  2004).  The  observation 
that  each  of  the  oxidatively  modified  brain  proteins  in  A3  OP 
synuclein  mice  is  associated  with  mitochondria  provides  strong 
evidence  for  the  notion  that  mitochondrial  dysfunction  contributes 
to  the  toxicity  of  PD  and  implicates  mitochondrial  pathology  in 
toxicity  associated  with  aggregated  synuclein. 

Since  impairment  of  energy  production  and  mitochondrial 
dysfunction  leads  to  neurodegeneration  reminiscent  of  PD  both  in 


in  vitro  and  in  vivo  studies  (Benecke  et  al.,  1993;  Bouyer  et  al., 
1984;  Marey-Semper  et  al.,  1993;  Mizuno  et  al.,  1989;  Parker  et 
al.,  1989;  Shoffner  et  al.,  1991;  Zeevalk  et  al.,  1995,  1997),  our 
current  study  suggests  that  the  oxidative  stress  mediated  impaired 
energy  metabolism  and  mitochondrial  dysfunction  may  be  respon¬ 
sible,  at  least  partially,  for  the  neurodegeneration  in  the  brains  of 
A3  OP  a-synuclein  transgenic  mice.  Furthermore,  this  oxidative 
stress  mediated  impaired  energy  metabolism  and  mitochondrial 
dysfunction  is  brought  about  through  the  oxidative  inactivation  of 
Enol,  Ldh2,  and  Car2.  We  conclude,  therefore,  that  the  mitochon¬ 
dria  dysfunction  and  impaired  metabolism  in  familial  PD  may  be 
associated  with  the  oxidative  inactivation  of  Enol,  Ldh2,  and  Car2. 
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